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ABSTRACT OF DISSERTATION 
 
 
MOLTEN ALUMINUM CAPILLARY HOLE-FILLING 
The presence of micrometeoroids and space debris in open space raises the question 
of a mitigation of the damage caused by a possible impact on the man-made structures such 
as space shuttles, satellites, and the International Space Station. A method achieving 
metallic sealed hole would be of an interest for development. This dissertation studies a 
surface tension driven capillary filling/sealing phenomenon in a controlled atmosphere 
brazing process of aluminum. The filled vs. non-filled results are predictable using 
minimization of energy, which shows that the outcomes depend heavily on prescribed 
configurations of the hole. Equilibrium models show excellent agreement with 
experimental results. It has been concluded that to fill an open hole by liquid aluminum in 
surface tension dominant cases, a deeper and narrower hole is favorable for a successful 
filling. To facilitate the filling process, the ability of liquid to migrate through edges is 
essential and has been shown experimentally in both aluminum brazing case and the 
benchmark silicone-oil/polystyrene system. The amount of liquid formed from the 
cladding layer has been evaluated and is not the limiting factor for filled/non-filled 
outcomes in discussed configurations. 

























Dr. Dusan P. Sekulic 
Director of Dissertation 
 
Dr. Alexandre Martin 
























AND MY WIFE 
 









Works involved in this dissertation are supported by NASA Physical Sciences 
Research Program (Grant# NNX17AB52G), Gränges Sweden AB (Finspång, Sweden), 
National Science Foundation (Grant# NSF-CBET-1234581), and other undisclosed 
partners. The study will not be possible without above sponsors, for which I am deeply 
grateful. 
I would like to express my sincere gratitude to my advisor Dr. Dusan P. Sekulic for 
his guidance and support over the years. It is a blessing to have a mentor with great patience, 
immense knowledge, and enthusiasm. It has been a great honor and pleasure to be able to 
closely work with and learn from him, on my path toward the PhD. 
I would like to thank my dissertation committees: Dr. Kozo Saito, Dr. Haluk Karaca, 
Dr. YuMing Zhang, and Dr. Tongguang Zhai, for their insightful suggestions. My sincere 
appreciation also goes to the BRAINS project research team including: Ms. Yangyang Wu, 
my colleague in the Brazing Lab; Dr. Sinisa Mesarovic, Mr. Kostis Lazaridis, and Mr. 
Santhosh Krishna from Washington State University; Dr. Mikhail Krivilyov, Mr. Ilya 
Shutov, and Mr. Evgeniy Samsonov from Udmurt State University, Russia. The continuous 
exchanges of thoughts and developments have been helpful and fruitful. Technical 
discussions with Dr. Richard Grugel (NASA), Mr. Torkel Stenqvist and Mr. Slawomir 
Koscielski (Gränges), Mr. George Tipker (Techshot), and many other professionals are 
greatly appreciated. 
My special thanks go to Dr. Doug Hawksworth (Diomedea) for bringing the 
attention to very interesting hole-filling related practices. Discussions with him are always 
inspirational, fruitful, and enjoyable. It is a privilege to be able to learn from him. 
iv 
 
I would like to extend my appreciation to the College of Engineering team at 
University of Kentucky including Mr. Adam Price, Ms. Dana Harrod, Mr. Charles Arvin, 
Mr. Lee Brion, Mr. Richard Anderson, Ms. Dorothy Ferguson, and Ms. Heather Adkins, 
for their technical and administrative supports. 
Thank Dr. Sekulic, Gorana and the rest of the Sekulic family for always kind and 
warm welcomes. Discussions and encouragements from Dr. Wen Liu, Dr. Yulong Li, Dr. 
Jinlong Yang, and other colleagues are appreciated. Thank my dear friends including Chi-
Chang Hung, Ching-Kai Chuang, Lin Wei, Yi-Hung Jeffery Jen, Chun-Chieh Lee, the 
Homsher family, Yu-Wen Tim Huang & Becky Lee, Tzu-Chiao Chien, Chau-Chih Yu & 
Meng-Han Liu, the Pomeroy family, the Rush family and many others, for encouragements, 
helps, and prayers. 
My earnest appreciation goes to Wei-Sian Tiny Chen, my dear wife. Thank you for 
keeping me sane over the past few months, for being my reader, for taking care of me and 
two furry Sesames, for being with me through ups and downs, for being my love and best 
friend. I am deeply grateful to have you always on my side. Thank my wife’s family as 
well for their warmness and encouragements. 
Above all, I would like to thank my dear parents for their endless love, support, and 
encouragement throughout my life. Thank you both for giving me strength to reach this far. 
Thank my sister, Anita, for taking care of me while I am so far away from home. I am 
blessed to be a part of the family. 





TABLE OF CONTENTS 
ACKNOWLEDGEMENTS ............................................................................................... iii 
LIST OF TABLES ........................................................................................................... viii 
LIST OF FIGURES ........................................................................................................... ix 
CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW ................................... 1 
1.1 Motivation ............................................................................................................ 1 
1.2 Literature review .................................................................................................. 3 
1.2.1 Aluminum alloys and aluminum joining processes ...................................... 3 
1.2.2 Capillarity and wetting .................................................................................. 7 
1.2.3 Hole/clearance filling related studies .......................................................... 12 
1.3 Objective of the dissertation ............................................................................... 16 
1.4 Scope of the dissertation ..................................................................................... 16 
CHAPTER 2: FILLING A HOLE BY CAPILLARY FLOW AND AN ASSOCIATED 
HEURISTIC MODEL DEVELOPMENT ........................................................................ 19 
2.1 Overview ............................................................................................................ 19 
2.2 Material selection ............................................................................................... 19 
2.3 Sample configuration .......................................................................................... 22 
2.4 Brazing conditions .............................................................................................. 22 
2.5 Results  ............................................................................................................. 23 
2.6 Analysis  ............................................................................................................. 29 
2.7 Wetting behavior of molten aluminum ............................................................... 33 
2.8 Heuristic approach to the hole-filling problem solution ..................................... 40 
2.8.1 Total potential energy of non-filled and filled states .................................. 41 
2.8.2 Prediction by comparing potential energies of different states ................... 51 
2.8.3 Heuristic prediction implementation ........................................................... 54 
2.9 Summary ............................................................................................................. 56 
CHAPTER 3: IMPACT OF INTERFACE CONDITIONS ON FILLED VS. NON-
FILLED OUTCOMES ...................................................................................................... 57 
3.1 Overview ............................................................................................................ 57 
3.2 Impact of the interface condition to the truncated potential energy ................... 57 
3.3 Hole-filling predication vs. empirical evidence ................................................. 60 
3.4 Brazing process conditions ................................................................................. 64 
3.5 Results and discussion ........................................................................................ 65 
3.6 Molten alloy behavior near the hole during a brazing process ........................... 69 
vi 
 
3.7 Further empirical observations about pinning of the molten aluminum at the 
edge of a hole ...................................................................................................... 73 
3.8 Summary ............................................................................................................. 78 
CHAPTER 4: IMPACTS OF HOLE CONFIGURATIONS AND MOLTEN BRAZE 
LOCATIONS TO FILLED VS. NON-FILLED OUTCOMES ........................................ 80 
4.1 Overview ............................................................................................................ 80 
4.2 The nitrogen-nitrogen interface setup ................................................................ 80 
4.3 Experiments to verify the auxiliary hypothesis #2 ............................................. 86 
4.4 Morphological features near the hole of a brazing sheet in the disk shape ........ 90 
4.5 Benchmark: hole-filling test with/without micro-grooves using a silicone oil on 
a polystyrene substrate ....................................................................................... 96 
4.6 Benchmark: hole-filling test against the gravity direction ................................. 99 
4.7 Filled/non-filled outcomes in a standalone braze formation ............................ 101 
4.8 Filling test of a braze-on-the-hole setup ........................................................... 108 
4.9 Summary ........................................................................................................... 112 
CHAPTER 5: HOLE-FILLING CASE STUDIES USING THE BRAZE-ON-THE-HOLE 
TEST SETUP .................................................................................................................. 114 
5.1 Overview .......................................................................................................... 114 
5.1.1 Selection of materials ................................................................................ 114 
5.1.2 Sample and brazing conditions ................................................................. 116 
5.1.3 Results and analysis .................................................................................. 117 
5.2 Filling large holes using large quantity of braze alloys .................................... 125 
5.2.1 Sample Design .......................................................................................... 127 
5.2.2 Ground Test Results and Analysis ............................................................ 134 
5.3 Summary ........................................................................................................... 141 
CHAPTER 6: CONCLUSIONS AND THE FUTURE WORK ..................................... 142 
6.1 Conclusions ...................................................................................................... 142 
6.2 Future work ...................................................................................................... 144 
APPENDICES ................................................................................................................ 145 
APPENDIX A: CHARACTERIZATION OF MELTING TEMPERATURES USING 
DIFFERENTIAL SCANNING CALORIMETRY .......................................... 145 
APPENDIX B: EVALUATION OF LIQUID ALUMINUM AVAILABILITY ...... 147 
APPENDIX C: BRAZING FACILITIES .................................................................. 150 
C.1 Hotstage microscopy brazing facility ....................................................... 150 
C.2 Transparent controlled atmosphere brazing facility ................................. 152 
vii 
 
C.3 High temperature optical contact angle analyzer ...................................... 155 
APPENDIX D: COMPUTATIONAL STUDY ON THE HOLE-IN-A-BRAZING-
SHEET PROBLEM .......................................................................................... 157 
APPENDIX E: TEMPERATURE DEVIATION ANALYSIS.................................. 165 
E.1 Sample temperature estimation for the N2/Sapphire test setup ................. 165 
E.2 Sample temperature estimation for the Sapphire/Sapphire test setup ....... 169 
E.3 Sample temperature estimation for the N2/N2 test setup ........................... 172 
E.4 Summary ................................................................................................... 176 
APPENDIX F: CHEMICAL COMPOSITION AND MELTING RANGE OF 
SELECTED ALLOYS AND FLUXES ............................................................ 177 
REFERENCES ............................................................................................................... 179 













LIST OF TABLES 
Table 2.1 Brazing sheet material information and clad/core dimensions .................... 20 
Table 2.2 Drilling tool diameters (Ø 0.2-0.7 mm) and the measured hole diameters 
(Ø 0.2-0.8 mm) after machining .................................................................... 22 
Table 2.3 Summary of hole filling tests for Materials #2-#6 and hole diameters ranges 
0.2-0.8 mm. Three tests were repeated in each selected combination. 
Threshold diameters for filling/non-filling can be identified in general. ..... 24 
Table 2.4 Ratio of clad volume vs. hole volume. The braze volume is at least 2.5 times 
more than the volume of the empty hole for all tested cases. ...................... 29 
Table 2.5 Clad ratio reduction after filling for all tested cases. The reduction ranges 
between the lowest at 0.1% for the double clad samples and up to 3.2% for 
the single clad sample. ................................................................................. 36 
Table 2.6 Ratio of molten aluminum layer thickness vs. width of the contacting surface. 
The cladding layers are less than 2% comparing to the width of the top or 
bottom surfaces of a sample. The formed ring layers near the threshold but 
non-filled diameter holes are between 1% and 23% of the depth of a hole (a 
deviation is expected due to approximation and will be discussed in 
subsequent sections). .................................................................................... 49 
Table 2.7 Physical quantities of components for the truncated energies of the non-filled 
state (Equation (2-31)) and filled state (Equation (2-32)) ............................ 55 
Table 3.1 Predicted threshold diameters by equating non-filled and filled truncated 
potential energies for different brazing sheets and interface conditions, refer 
to Equation (2-36) for Material #6, Equation (3-1) for Material #4, and 
Equation (3-2) for Material #3. .................................................................... 59 
Table 3.2 Brazing sheet material information (including selected information from 
Table 2.1) ..................................................................................................... 61 
Table 5.1 Materials and dimensions of the braze alloy and substrate alloys ............. 116 
Table 5.2 Process conditions of samples .................................................................... 117 
Table 5.3 Material data of the 10 minutes dwell samples: Sample#10-i (short tube) and 
Sample #10-ii (long tube) ........................................................................... 130 
Table 5.4 Material information of the 5 minutes dwell samples: Sample#5-i (short tube) 
and Sample #5-ii (long tube) ...................................................................... 131 
Table 5.5 Material information of the 2 minutes dwell samples: Sample#2-i (short tube) 






LIST OF FIGURES 
Figure 1.1 Impact of MMOD on the International Space Station Ammonia Tank 
Assembly [NASA ARES, 2018] .................................................................... 2 
Figure 1.2 Equilibrium configuration of a small liquid droplet on a solid substrate in a 
gas surrounding, indicating the Young-Dupre equation (Equation (1-5)) ... 11 
Figure 1.3 A modified Critical Clearance test by removing the cylindrical object (named 
the “Hole-filling” test). The figure shows a double clad brazing sheet with 
different central hole diameters (Ø 0.2-0.8 mm are considered). The top 
surface is 4 mm × 4 mm. .............................................................................. 15 
Figure 2.1 Brazing sheets of the similar ratios of clad to total sheet thickness were 
selected for tests: (i) double 6% clad self-fluxed clads on 3003, (ii) single 8% 
self-fluxed clad on 3003, (iii) double 7.5% 4343 clads on 3003, and (iv) 
double 7.5% 4045 clads on 3003. Bottom metallographic photos are cross-
sections of all materials prior to brazing processes, in which clad/core 
interfaces can be identified. .......................................................................... 21 
Figure 2.2 Temperature history of a brazing cycle involving (i) +100 °C/min from room 
temperature to 600 °C, (ii) dwell at 600 °C for 2 min, and (iii) -100 °C/min 
quench from 600 °C to 40 °C ........................................................................ 23 
Figure 2.3 Surface topographical features for the filled case of Material #2: (a) a 0.69 
mm diameter hole before brazing (b) hole closed after brazing .................. 25 
Figure 2.4 Surface topographical features for the non-filled case of Material #2: (a) a 
0.69 mm diameter hole before brazing (b) hole remained open with an 
estimated 17% reduced diameter after brazing ............................................ 25 
Figure 2.5 Surface topographical features for the filled case of Material #3: (a) a 0.34 
mm diameter hole before brazing (b) hole closed after brazing .................. 26 
Figure 2.6 Surface topographical features for the non-filled case of Material #3: (a) a 
0.44 mm diameter hole before brazing (b) hole remained open with an 
estimated 2% reduced diameter after brazing .............................................. 26 
Figure 2.7 Surface topographical features for the filled case of Material #4: (a) a 0.44 
mm diameter hole before brazing (b) hole closed after brazing .................. 27 
Figure 2.8 Surface topographical features for the non-filled case of Material #4: (a) a 
0.58 mm diameter hole before brazing (b) hole remained open with an 
estimated 31% reduced diameter after brazing ............................................ 27 
Figure 2.9 Surface topographical features for the filled case of Material #6: (a) a 0.69 
mm diameter hole before brazing (b) hole closed after brazing .................. 28 
Figure 2.10 Surface topographical features for the non-filled case of Material #6: (a) a 0.8 
mm diameter hole before brazing (b) hole remained open with an estimated 
22% reduced diameter after brazing ............................................................. 28 
Figure 2.11 Cross-section of Material #2 (4045&embedded-flux/3003/4045&embedded-
flux brazing sheet): (a) a filled 0.69 mm diameter hole featuring resolidified 
eutectic Al-Si and α-Al phases, (b) a non-filled 0.69 mm diameter hole 
showing a solidified liquid meniscus formed on the wall of the hole. ......... 30 
Figure 2.12 Cross-section of Material #6 (4045/3003/4045 brazing sheet): (a) a filled 0.69 
mm diameter hole featuring resolidified eutectic Al-Si and α-Al phases, (b) a 
x 
 
non-filled 0.80 mm diameter hole showing a solidified liquid meniscus 
formed on the wall of the hole. .................................................................... 31 
Figure 2.13 Two instants of oscillation features from the formed liquid ring around the 
non-filled hole, Material #6, 0.8 mm diameter hole prior to brazing. The 1st 
registered oscillation: (a)-(c). The 2nd registered oscillation: (d)-(f). ........... 32 
Figure 2.14 Solidified molten aluminum meniscus formed at the wall of the hole. Material 
#2, heating +100 °C/min, Tpeak = 600 °C, tpeak = 2 min, cooling -100 °C/min. 
Hole diameter = 0.69 mm prior to brazing. .................................................. 34 
Figure 2.15 Schematic molten clad behavior in a brazing process: (a) brazing sheet prior 
to heating, (b) molten clad layer wets the adjacent bare aluminum surfaces, (c) 
wetting of bare aluminum surfaces is completed and forms an equilibrium as 
an open hole configuration – State 1, (d) excessive molten aluminum is 
formed inside the hole toward the axis of symmetry, (e) an equilibrium forms 
with a closed hole configuration – State 2. .................................................. 35 
Figure 2.16 (a) Schematic of a molten aluminum alloy droplet spreading on a wetting 
aluminum sheet with a hole at the center; (b) experimental outcome under 
conditions of (a), 4045 braze on a 3003 substrate with a central hole, peak 
temperature 620 °C with 2 min dwell, both sides of the hole open to 99.999% 
nitrogen gas; (c) a solidified molten 4045 braze droplet on a non-wetting 
sapphire substrate, peak temperature 600 °C with 2 min dwell. .................. 38 
Figure 2.17 Equilibrium membrane of a molten aluminum between mating surfaces: (a) 
metallographic cross-sectional joint formation, vertical AA4343 brazing sheet 
on horizontal AA3003 substrate, KF-AlF3 flux, heating rate is 53 °C/min, peak 
temperature is 600 °C, dwell time is 20 s; (b) schematic of the cross-sectional 
joint formation. The joint volume (the area of the molten Al) is a fixed amount. 
(Images taken from [Sekulic, 2001], with permission) ................................ 40 
Figure 2.18 System of interest: molten aluminum clad on all surfaces of the core ......... 41 
Figure 2.19 Interfaces of the square brazing sheet sample with a hole (as shown in Figure 
1.3) in two states: (a) non-filled state, State 1, and (b) filled state, State 2. . 44 
Figure 2.20 Controlling interfaces. (a) peripheral surface in the hole at State 1, and (b) top 
and bottom circular surfaces of the hole at State 2. ..................................... 53 
Figure 2.21 Potential energies (truncated) of the non-filled state (𝐸𝑝, 1, 𝑡𝑟) and the filled 
state (𝐸𝑝, 2, 𝑡𝑟), for three materials of 0.31-0.48 mm thicknesses. Intersections, 
i.e. threshold diameters, are found at 0.66 mm, 0.55 mm, and 0.42 mm, for 
Material #6 (𝑤 = 0.48 mm), Material #4 (𝑤 = 0.4 mm), and Material #3 (𝑤 = 
0.31 mm), respectively. N2-sapphire interface condition. ............................ 55 
Figure 3.1 Truncated potential energies of a 0.48 mm brazing sheet for non-filled state, 
“Ep,1,tr”, and filled state, “Ep,2,tr”. Variables are hole diameters, “d”, and 
interface conditions: (i) nitrogen-sapphire, “N2-sap”, (ii) sapphire-sapphire, 
“sap-sap”, and (iii) nitrogen-nitrogen, “N2-N2” condition. The corresponding 
threshold hole diameters are estimated: (i) 0.66 mm, (ii) 0.5 mm, (iii) 0.97 
mm. ............................................................................................................... 58 
Figure 3.2 Truncated potential energies of a 0.4 mm brazing sheet for non-filled state, 
“Ep,1,tr”, and filled state, “Ep,2,tr”. Variables are hole diameters, “d”, and 
interface conditions: (i) nitrogen-sapphire, “N2-sap”, (ii) sapphire-sapphire, 
“sap-sap”, and (iii) nitrogen-nitrogen, “N2-N2” condition. The corresponding 
xi 
 
threshold hole diameters are estimated: (i) 0.55 mm, (ii) 0.42 mm, (iii) 0.80 
mm. ............................................................................................................... 59 
Figure 3.3 Truncated potential energies of a 0.31 mm brazing sheet for non-filled state, 
“Ep,1,tr”, and filled state, “Ep,2,tr”. Variables are hole diameters, “d”, and 
interface conditions: (i) nitrogen-sapphire, “N2-sap”, (ii) sapphire-sapphire, 
“sap-sap”, and (iii) nitrogen-nitrogen, “N2-N2” condition. Corresponding 
threshold hole diameters are estimated: (i) 0.42 mm, (ii) 0.32 mm, (iii) 0.62 
mm. ............................................................................................................... 60 
Figure 3.4 Test sample with the bottom side covered by a sapphire glass (Set 1): (a) 
Material #4 or #6, (b) Material #3 ................................................................ 62 
Figure 3.5 Test sample with both sides covered by sapphire glasses (Set 2): (a) Material 
#4 or #6, (b) Material #3 .............................................................................. 63 
Figure 3.6 Test sample with both sides open to surrounding nitrogen gas (Set 3): (a) 
Material #4 or #6, (b) Material #3 ................................................................ 63 
Figure 3.7 Temperature profile ...................................................................................... 64 
Figure 3.8 Fillability vs. hole diameter & brazing sheet thickness: nitrogen/sapphire 
interfaces ...................................................................................................... 66 
Figure 3.9 Fillability vs. hole diameter & brazing sheet thickness: sapphire/sapphire 
interfaces. ..................................................................................................... 67 
Figure 3.10 Fillability vs. hole diameter & brazing sheet thickness: nitrogen/nitrogen 
interfaces ...................................................................................................... 68 
Figure 3.11 Feature frames of a filled case, Material #6, nitrogen/sapphire interface 
conditions, Ø 0.69 mm hole, Vhole / Vclad = 6.3 ............................................. 71 
Figure 3.12 Feature frames of a non-filled case, Material #6, nitrogen/sapphire interface 
conditions, Ø 0.87 mm hole, Vclad / Vhole = 3.9 ............................................. 72 
Figure 3.13 Wetting test of a 4045 & flux braze composite on a 3003 substrate: (a) before 
the onset of flux melting, and (b) end of spreading at the peak temperature. 
Excellent wettability registered. Peak temperature 600 °C, dwell time 2 min, 
heating speed 40 °C/min. .............................................................................. 74 
Figure 3.14 A liquid can be pinned at a sharp edge of a solid substrate in a gas if the contact 
angle formed at the edge is less than the sum of the equilibrium contact angle 
plus the angle of the edge, known as the Gibb’s inequality condition [Oliver 
et al., 1977]. .................................................................................................. 74 
Figure 3.15 Cross-section at the hole region of a brazed Material #3 sample featuring (a) 
Material #3 sample with a machined hole before brazing, (b) a filled hole, and 
(c) a non-filled hole. Process parameters for (b) and (c): nitrogen/nitrogen 
interface setup, heating/cooling rates +/- 100 °C/min, peak temperature 610 
°C, dwell time 2 min. ................................................................................... 76 
Figure 3.16 (a) Edge and the sidewall of the hole of a brazed Material #3 sample, (b) 
increased edge curvature by the formation of residual α-Al solid layer, (c) 
grain boundaries of formed α-Al resulting micro-grooves for eutectic Al-Si 
flow, and (d) schematic of the supply of molten aluminum from the cladded 
surfaces through the edges. Process parameters: nitrogen/nitrogen interface 
setup, heating/cooling rates +/- 100 °C/min, peak temperature 610 °C, dwell 
time 2 min. .................................................................................................... 77 
xii 
 
Figure 4.1 The liquid ring inside the hole forms first (a) an initial flat surface, and then 
(b) an inward curved surface, in order to reduce the area of the liquid/gas free 
surface. Note, this is possible when a continuous liquid supply is available 
from the cladded surface through the edge. ................................................. 82 
Figure 4.2 An analogy is promoted between the liquid aluminum free surface in the hole-
in-a-brazing-sheet case and the soap film bounded by two identical and co-
axial rings case. ............................................................................................ 83 
Figure 4.3 Free surface of the soap film bounded by two identical and co-axial rings . 84 
Figure 4.4 Corrected data plot from Figure 3.10 in the nitrogen/nitrogen interface setup. 
The vertical axis now reflects the core layer thicknesses of a brazing sheet. 
The right two dashed lines show the difference of predicted threshold ratios 
with/without an approximation. The left dashed line shows the predicted 
critical ratio of hole configuration. ............................................................... 86 
Figure 4.5 (a) Single clad brazing sheet sample with different hole depths (c = 0.08-0.29 
mm) and hole diameters (d = 0.21-0.61 mm). Both sides of the hole openings 
are exposed to a 99.999% nitrogen gas. The clad side is on the top surface; (b) 
Ø 4 mm disk sample with a hole; (c) Temperature settings of the brazing 
process include heating/cooling rates at 100 °C/min, peak temperature at 610 
°C, and dwell time for 2 min. ....................................................................... 88 
Figure 4.6 Test results vs. hole configurations and prediction. Process parameters: 
99.999 N2 gas, heating rate 100 °C/min, peak temperature 610 °C, dwell time 
2 min, cooling rate 100 °C/min. The catenoid model (CAT) is from the 
analogy to the soap film system. The numerical model (SE) is from a 
simulation using Surface Evolver (Appendix D). ........................................ 89 
Figure 4.7 Feature frames of a filled case, Material #3, nitrogen/nitrogen interface 
conditions, Ø 0.34 mm hole diameter, 0.24 mm hole depth, heating rate 100 
°C/min, peak temperature 610 °C, dwell time 2 min, cooling rate 100 °C/min.
 ...................................................................................................................... 93 
Figure 4.8 Feature frames of a non-filled case, Material #3, nitrogen/nitrogen interface 
conditions, Ø 0.48 mm hole diameter, 0.24 mm hole depth, heating rate 100 
°C/min, peak temperature 610 °C, dwell time 2 min, cooling rate 100 °C/min.
 ...................................................................................................................... 94 
Figure 4.9 Filled/non-filled outcomes including (i) square and disk samples, (ii) single- 
and double-clad samples, (iii) 8wt.%Si and 10wt.%Si braze alloys, and (iv) 
600-630 °C peak temperatures. Constant process parameters: 99.999% 
nitrogen atmosphere, heating/cooling rates +/- 100 °C/min, dwell time 2 min.
 ...................................................................................................................... 95 
Figure 4.10 Featured frames of the hole-filling test at a hole with four micro-grooves. Hole 
diameter Ø 1.81 mm, hole depth 1.31 mm, 80 µL of 50 centistokes silicone oil, 
polystyrene substrate, both top and bottom surfaces are exposed to the air. 98 
Figure 4.11 Featured frames of the hole-filling test at a hole without micro-grooves. Hole 
diameter Ø 1.85 mm, hole depth 1.31 mm, 80 µL of 50 centistokes silicone oil, 
polystyrene substrate, both top and bottom surfaces are exposed to the air. 99 
Figure 4.12 Featured frames of a single clad brazing sheet (Material #3) with the cladded 
surface as the bottom side during a hole-filling test. Hole diameter Ø 0.29 mm, 
hole depth 0.29 mm, heating rate 100 °C/min, peak temperature 610 °C, dwell 
xiii 
 
time 2 min, cooling rate 100 °C/min, both openings of the hole are exposed to 
the air. ......................................................................................................... 100 
Figure 4.13 Sample configurations of the “braze-away-from-the-hole” setup: (a) a 4045 
filler disk (Ø 1.45 mm × 0.4 mm) placed at a corner on the top surface of a 
3003 substrate (4 mm × 4 mm × 0.4 mm). Sample surfaces are covered by a 
K1-3AlF4-6 flux. Both top and bottom openings of the hole are exposed to a 
99.999% N2; (b) the central hole has a diameter of 0.48 mm; (c) the central 
hole has a diameter of 0.81 mm. ................................................................ 102 
Figure 4.14 Temperature history of (i) heating ramp rate 100 °C/min from 20 °C to 620 °C, 
(ii) dwell at 620 °C for 2 minutes, and (iii) cooling ramp rate 100 °C/min from 
620 °C to 40 °C. .......................................................................................... 103 
Figure 4.15 Sequence of video frames during a brazing process of a molten 4045 braze 
disk spreading toward a 0.48 mm diameter and 0.4 mm depth hole at the 3003 
substrate. Vbraze / Vhole = 9.1, Tpeak = 620 °C, tdwell = 2 min. ....................... 104 
Figure 4.16 Sequence of surface features during a brazing process of a molten 4045 braze 
disk spreading toward a 0.81 mm diameter and 0.4 mm depth hole at the 3003 
substrate. Vbraze / Vhole = 3.2. Tpeak = 620 °C, tdwell = 2 min, diameter reduction 
= 19% ......................................................................................................... 107 
Figure 4.17 A filling test with a braze disk located at the top of the hole involving (i) 4045 
braze alloy Ø 1.45 mm × 0.4 mm, (ii) 3003 substrate 4 mm × 4 mm × 0.4 mm, 
with a central hole Ø 0.81 mm × 0.4 mm. ................................................... 109 
Figure 4.18 Sequence of surface features during a brazing process of a 4045 braze disk on 
top of a 0.81 mm diameter and 0.4 mm depth hole at the 3003 substrate. Vbraze 
/ Vhole = 3.2, Tpeak = 620 °C, tdwell = 2 min. ................................................. 111 
Figure 4.19 Cross-section of a filled hole from the brazing test (Figure 4.18). Test setup: 
a 4045 braze disk on top of an Ø 0.81 mm × 0.4 mm hole in a 3003 substrate, 
Vbraze / Vhole = 3.2, heating/cooling rates = +/- 100 °C/min, peak temperature 
= 620 °C, dwell time = 2 min. .................................................................... 112 
Figure 5.1 Surface features of the benchmark Zn-22Al/3003 hole-filling test (a) before 
the brazing cycle (b) melting and spreading of the Zn-22Al filler (c) end of 
spreading at the peak temperature (d) after the brazing cycle .................... 118 
Figure 5.2 Surface features of the Zn-22Al/2219 hole-filling test (a) before the brazing 
cycle (b) melting and spreading of the Zn-22Al filler (c) end of spreading at 
the peak temperature (d) after the brazing cycle ........................................ 119 
Figure 5.3 Surface features of the Zn-22Al/2024 hole-filling test (a) before the brazing 
cycle (b) melting and spreading of the Zn-22Al filler (c) the end of spreading 
at the peak temperature (d) after the brazing cycle .................................... 120 
Figure 5.4 (a) Cross-section at the hole region of the brazed Zn-22Al/2219 sample, (b) 
contact angle 7.4° at the triple line location at the outer edge of the 2219 
substrate ...................................................................................................... 121 
Figure 5.5 (a) Cross-section at the hole region of the brazed Zn-22Al/2024 sample, (b) 
contact angle 24.5° at the triple-line location. ............................................ 122 
Figure 5.6 EDX mapping of the solidified braze in the filled hole (Test: Zn-22Al/2219): 
(a) optical micrograph at the filled hole with a marked rectangular region for 
an EDX mapping or a marked line for an EDX line scan; (b) zinc distribution 
xiv 
 
within the mapped region, light red color shows higher zinc concentration; (c) 
aluminum distribution within the mapped region, marked in yellow. ....... 123 
Figure 5.7 EDX line scan across the Zn-22Al/2219 joint interface. A decrease of 
aluminum concentration and an increase of zinc concentration are shown at 
the interfacial region. Joint areas feature Zn-Al grains surrounded by zinc-rich 
phase. .......................................................................................................... 124 
Figure 5.8 Equilibrium profiles of different quantities of molten Al-Si on vertical Al-Mn 
plates: (a) 100 mg, (b) 50 mg, (c) 25 mg, (d) 12.5mg. The horizontal substrate 
is an alumina. [Wu et al., 2018a] ................................................................ 126 
Figure 5.9 Design of the HOLE sample: (a) cross-sectional view of all components, (b) 
overall appearance of the sample assembly. Refer to Table 5.3 through Table 
5.5 for individual sample dimensions. ....................................................... 127 
Figure 5.10 Temperature data of the heater, sample holding stage, and the sample in the 
10 minutes dwell test. Sample temperature thermocouple is placed on the 10-
ii sample. Five stages of the brazing cycle are involved. ........................... 133 
Figure 5.11 Temperature data of the heater, sample holding stage, and the sample in the 5 
minutes dwell test. Sample temperature thermocouple is placed on the 5-ii 
sample. Five stages of the brazing cycle are involved. .............................. 133 
Figure 5.12 Temperature data of the heater, sample holding stage, and the sample in the 2 
minutes dwell test. Sample temperature thermocouple is placed on the 2-ii 
sample. Five stages of the brazing cycle are involved. .............................. 134 
Figure 5.13 Macro appearance of the brazed samples: (left side) 10-i, short tube, Bo = 0.2, 
and (right side) 10-ii, long tube, Bo = 1.1 .................................................. 136 
Figure 5.14 Macro appearance of the brazed samples: (left side) 5-i, short tube, Bo = 0.2, 
and (right side) 5-ii, long tube, Bo = 1.1 .................................................... 136 
Figure 5.15 Macro appearance of the brazed samples: (left side) 2-i, short tube, Bo = 0.2, 
and (right side) 2-ii, long tube, Bo = 1.1 .................................................... 137 
Figure 5.16 The dissolution of the base alloy tube in Bo = 1.1 tests: (a) reduction of eroded 
base alloy wall thickness vs. dwell time and microstructure feature; (b) two 
zones for measurements featuring different microstructure formation ...... 138 
Figure 5.17 Microstructure of the Bo = 0.2 brazed joints: (a) Sample 10-i, 10 min dwell, 
Vfiller/Vhole = 126%; (b) Sample 5-i, 5 min dwell, Vfiller/Vhole = 116%; (c) 
Sample 2-i, 2 min dwell, Vfiller/Vhole = 118% ............................................. 139 
Figure 5.18 Microstructure of the Bo = 1.1 brazed joints: (a) Sample 10-ii, 10 min dwell, 
Vfiller/Vhole = 120%; (b) Sample 5-ii, 5 min dwell, Vfiller/Vhole = 119%; (c) 






CHAPTER 1:  INTRODUCTION AND LITERATURE REVIEW 
This chapter begins with the motivation of study, followed by a literature review of 
fundamentals and developments related to the research objective. Then the main hypothesis 
will be formulated. The concluding section in this chapter briefly describes the content in 
each chapter of this dissertation. 
1.1 Motivation 
Micrometeroids and orbital debris (MMOD) have been a considerable risk to the shells of 
satellites and/or the International Space Station when impacts cannot be avoided [Laurance 
and Brownlee, 1986; Christiansen et al., 1993; Lear et al., 2009]. Micrometeroids may join 
the Earth orbit when it intersects a comet orbit. Sources of orbital debris may be from 
human activities including payload operations, rockets or satellites missions [Barth, 2004]. 
For long-term manned stations orbiting the Earth, as well as for extending the mission 
duration of the International Space Station, a prolonged exposure to such a negative impact 
may be significant. For example, a decompression due to impacted holes can pose a threat 
to humans in the habitable module.  
The number of micrometeoroids and space debris in low earth orbit has been increasing 
over time, it is indeed a continuous and evolving challenge to mitigate the potentially 
negative impact [Liou and Johnson, 2006; Christiansen et al., 2009; Ebisuzaki et al., 2015]. 
An example from NASA, Figure 1.1, presents a crater of a diameter of 0.57 mm on the 
Ammonia Tank Assembly of the International Space Station [NASA ARES, 2018]. This 
damage was identified by the post-flight MMOD inspection. 
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A technical development for sealing punctures on the module walls was reported in 1999, 
promoting what is known as KERMIt (Kit for External Repair of Module Impacts). The 
repair kit features both mechanical fastening and an epoxy based adhesive. The design of 
patches was targeted for a relatively short-term repair (minimum of six months) that allows 
a sufficient duration of time for damange analysis and an alternative permanent patch when 
available [Hall, 1999; Chaudhary et al., 2000]. A recent hole-repair task was done on the 
pressurized wall at the Soyuz MS-09 spacecraft. A two-millimeter hole (unknown cause of 
formation) was repaired by Soyuz commander Sergey Prokopyev of Roscosmos using 
epoxy* on a gauze wipe [Garcia, 2018]. 
 
Figure 1.1 Impact of MMOD on the International Space Station Ammonia Tank 
Assembly [NASA ARES, 2018] 
Although a proper seal can be achieved, the epoxy based KERMIt was not designed for 
carrying structural loads [Chaudhary et al., 2000]. Therefore, an alternative repair/seal by 
a metallic joint would be of an interest for development. Approaches to form metallic 
                                                 
* Note that detailed information regarding the compositions is not available. Thus, there may be a difference 
between the types of epoxy used for patching Soyuz MS-09 and the one designed in developing KERMIt. 
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repairs/fillings with less manual treatment are potentially beneficial to future developments 
of micro-sized repair works in space, which aligns with one of the objectives in NASA’s 
strategic plan: developing manufacturing processes in space [Terrier et al., 2017]. 
1.2 Literature review 
The need of an alternative metallic repair motiviates a study of using capillary liquid metal 
flow to repair a penetrated hole on an aluminum alloy. It would be useful to review relevant 
works in both technological and fundamental mechanisms regarding a hole-filling process 
of liquid aluminum on a solid aluminum alloy. 
1.2.1 Aluminum alloys and aluminum joining processes 
Aluminum is known for its low weight, low cost, and can be treated to high-strength. It 
became replacing wooden airframes since 1920s, and aluminum alloys with high strength 
are still relevant for building aircrafts [Prasad and Wanhill, 2017a]. Aluminum is the 
primary material for building module shells at the International Space Station. A habitable 
module wall was made of aluminum alloy 2219-T87 and a baseline bumper was made of 
aluminum alloy 6061-T6 [Christiansen et al., 1993]. Examples of other common aerospace 
alloys include 2024, 7075, and 7020 are used in the Ariane IV launch vehicle [Dunn, 2016], 
or more recently developed 3rd generation Al-Li alloys such as 2297 in the F16 fighter jet 
or 2196 in the A380 Airbus. The additions of Cu and/or Li in aluminum can form  Al2Cu, 
Al3Li, or Al2CuLi, which are responsible for strengthening the alloys [Prasad et al., 2014]. 
There are various methods to form metallic joints such as fusion welding, solid state 
welding, brazing, or soldering [Groover, 2013]. Vacuum brazing for space implementation 
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has been reported as successful by an Electron Beam gun, and considered as a potential 
manufacturing process under extraterrestial conditions [Flom, 2005]. Brazing processes 
feature bonding or filling capillary clearances without a significant melting of mating 
aluminum surfaces. The surface-tension-driven liquid aluminum flow offers a possibility 
to fill irregular or unreachable configurations of gaps [Humpston and Jacobson, 1993; 
Sekulic, 2013], and therefore considered for repairing micro-sized holes in this study. 
An aluminum brazing process is a complex phenomenon involving metallurgical, physical 
and chemical interactions on and within materials involved. For example, these interactions 
may include (i) chemical reactions between fluxes, atmosphere, and aluminum oxide layers 
[Field and Steward, 1987]; (ii) diffusive interactions between participating alloys [Terrill, 
1966; Gao et al., 2002]; (iii) wetting behaviors controlled by potential energies involving 
molten metal, molten flux and/or surrounding atmosphere, and solid substrate [Sekulic et 
al., 2004; Zhao and Sekulic, 2008]; (iv) inertia and viscosity in particular in the initial 
stages of the molten metal and/or flux flow [Fu et al., 2016]; (v) topography of mating 
surfaces/substrates(s), e.g. surface roughness [Liu and Sekulic, 2011]; (vi) external 
physical fields, e.g. gravitational impacts [Wu et al., 2018c] or ultrasound [Zhao et al., 
2008], etc. All above listed phenomena contribute to the final state of a brazed joint. A 
recent overview of brazing developments is given in [Sekulic, 2013]. 
A successful metallic bonding in a brazing process would require a direct contact between 
molten metal and the solid mating surfaces. However, it is well-known that molten 
aluminum capillary flow can be impeded by tenacious aluminum oxide layers, inevitably 
formed on the aluminum surfaces. The oxide formation can be aggravated by (i) increasing 
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temperature [Hunter and Fowle, 1956; Wefers and Misra, 1987], (ii) humidity levels [Zahr 
et al., 2012], and (iii) oxygen contents [Kawase and Yamaguchi, 1980]. Any of these 
factors can lead to limited wetting and unsuccessful joint formation [Swidersky, 2001; Yu 
et al., 2013]. 
To mitigate problems associated with aluminum oxide formation, substances such as Mg, 
Ni, or Kx-Aly-Fz flux can be used depending on the brazing environment (e.g. vacuum or 
CAB). For example, during heating, Mg in the cladding alloy (e.g. Al-Si-Mg) in vacuum 
leads to a formation of magnesium oxide at the aluminum-oxide/clad interface. The growth 
of magnesium oxide *  cracks the naturally formed aluminum oxide which allows an 
exposure of molten aluminum to the surface, and eventually enables macroscopic molten 
aluminum formation. Magnesium from the exposed alloy can vaporize and reduce the 
amount of oxygen and moisture in the atmosphere of a brazing chamber. Such a Mg vapor 
indirectly reduces re-oxidation [Creber et al., 1987]. Magnesium can also be added 
individually to the brazing chamber and forms Mg vapor, which is often called as a “getter” 
for consuming moisture and oxygen in the chamber atmosphere [Wittebrood et al., 1997]. 
Another example, a nickel layer can be coated to an aluminum clad surface. During heating, 
the exothermic reaction between nickel and aluminum occurs and causes a significant 
increase of local temperature and roughens the aluminum surface, which contribute to the 
fracture of the native aluminum oxide layer and exposes the molten aluminum [Cheadle 
and Dockus, 1988]. 
                                                 
* Formation of magnesium oxide: (i) MgO crystalline if the Mg concentration is above 1 wt.%, or (ii) spinel 
oxide MgAl2O4 if Mg is between 0.01-1 wt.% [Creber et al., 1987]. 
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The potassium fluoroaluminate flux (K1-3AlF4-6) is commonly used to disrupt the tenacious 
surface aluminum oxides in the controlled atmosphere brazing (CAB) process for 
aluminum heat exchanger production [Sekulic, 2013]. The flux can be produced by fusing 
AlF3 and KF together with proper proportions to control the melting range [Wallace and 
Dewing, 1976; Lauzon et al., 2002]. When heated, the molten flux* reacts and disrupts the 
surface aluminum oxide layer without attacking aluminum [Takigawa et al., 1993], and 
thus the molten aluminum can be exposed to the surface. Instead of surface deposition, the 
flux can be embedded to an Al-Si braze and reacts with the aluminum oxide layer between 
the metal/oxide interface [Hawksworth et al., 2012], which has been reported to be 
effective in enduring severe atmospheric conditions in terms of oxygen and humidity levels 
[Yu et al., 2013].  
Once the aluminum oxide is properly disrupted irrespective of oxide-fracturing 
mechanisms, the exposed molten aluminum can form a capillary flow when in contact with 
a mating surface, and is capable of filling gaps after solidifcation. Since the primary 
objective of this study focuses on a general understanding regarding the capillary 
phenomenon of a hole-filling process by molten aluminum flow, the potassium 
fluoroaluminate involved brazing process is selected to enable empirical studies. A well-
established material system of Al-Si/Al-Mn, featuring excellent wettability at the peak 
temperature, is selected. 
                                                 
* At molten state, the potassium fluoroaluminate flux forms a mixture of K3AlF6 and KAlF4 [Sekulic, 2013]. 
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1.2.2 Capillarity and wetting 
A molecule within a bulk liquid is surrounded by adjacent molecules with attractive bonds. 
The condition of a molecule (liquid) at the surface (e.g. a liquid/gas interface) is in an 
unfavorable energy state since almost half of the cohesive interactions is absent for such a 
molecule at the liquid/gas interface. It leads to the adjustments of the surface shape to a 
smallest possible area. Surface tension is a direct measure for the energy deficiency at the 
interface which has the unit of Joule per meter square (J/m2) or Newton per meter (N/m) 
[de Gennes et al., 2004]. 
The magnitude of surface tension is related to the bond energy of the molecules at the 
exposed surface areas. For example, oils feature van der Waals interactions and have 
surface tension around 0.02 N/m, whereas the water features hydrogen bonds, which have 
higher energy, and thus has a higher surface tension at 0.072 N/m. A mercury featuring 
metallic bonds which have higher energies than the van der Waals type features surface 
tension of 0.485 N/m [de Gennes et al., 2004; Marchand et al., 2011].  
By re-shaping the liquid in order to increase a small amount of surface area in gas, an 
amount of work is required in order to bring a number of molecules to the surface. The 
increase of work from creating additional interface area contributes to the potential energy 
of the system [Nigro et al., 1993; Levine, 2009]. The surface tension attempts to contract 
the liquid but can be countered by an increased pressure within the liquid. These 
contributions can be expressed by Equation (1-1), where 𝑑𝑊 is differential change of work, 
𝛾  is surface tension (or also named surface energy density), 𝑑𝐴 differential change of 
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interface area, ∆𝑝 is the pressure difference between liquid and gas, 𝑑𝑉 is the differential 
change of volume of the liquid [Lautrup, 2011]. 
𝑑𝑊 = 𝛾𝑑𝐴 − ∆𝑝𝑑𝑉 (1-1) 
Since the surface tension of a liquid in gas is always positive because of the absent negative 
binding energy of molecules at the surface, a deformable surface reduces its area to the 
configuration of the lowest possible amount, i.e. the lowest potential energy state [Lautrup, 
2011]. As an example to evaluate the equilibrium state, consider a small spherical water 
droplet which has the surface area  𝐴 = 4𝜋𝑟2 , and  𝑑𝐴 = 8𝜋𝑟𝑑𝑟 . The volume is  𝑉 =
4𝜋𝑟3/3  which has  𝑑𝑉 = 4𝜋𝑟2𝑑𝑟 . The equilibrium state (𝑑𝑊 = 0) has  𝛾𝑑𝐴 = ∆𝑝𝑑𝑉 , 
which leads to the relation of ∆𝑝 = 2𝛾/𝑟 for a small spherical water droplet in air [Lautrup, 
2011]. The equation is a simplified version of the well-known “Young-Laplace equation” 
in a spherical droplet case. The pressure difference term is often referred as the “Laplace 
pressure”. 
For a general free surface, the Young-Laplace equation* relates the pressure difference 
across the interface (∆𝑝) to the surface tension (𝛾) and the principle curvatures (1/𝑟1 +
1/𝑟2), as shown in Equation (1-2). 𝑟1 and 𝑟2 are two principle radii of curvature at any point 
of the interface. The average of reciprocal radii of curvature is also referred as the mean 
curvature. For axisymmetric surfaces, 𝑟1 often refers to the principle radius of curvature 
obtained from the cross-sectional plane which contains the entire axis of symmetry. 
According to the Young-Laplace equation (Equation (1-2)), a decrease of droplet radius 
                                                 
* The relation was established by Young and Laplace, and later unified by Gauss in the 1800’s [Finn, 1999] 
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will increase the internal pressure of the liquid. For an extremely large curvature, e.g. a 
nearly flat surface, the pressure difference due to surface tension can be neglected.  







By comparing the Laplace pressure (surface tension) and the hydrostatic pressure (body 
force), a specific length of the system can be obtained, as expressed in Equation (1-3). It is 
the “capillary length” which has a magnitude generally in millimeters in 1-g condition [de 
Gennes et al., 2004]. For systems in reduced gravity environment, e.g. microgravity (10-6 
g) condition at the International Space Station, the capillary length can be a thousand times 





The dimensionless number, Bond number or also called Eötvös number, gives the ratio of 
gravitational force and surface tension force. The less the Bond number, the more 
dominance of surface tension to the system, Equation (1-4). ∆𝜌 is the density difference 
between liquid and gas. 𝑔 is gravitational constant. 𝐿 is the characteristic length of the 





                                                 
* An example of the characteristic length is the principle radii of curvature for a liquid droplet. The Bo number 
is then 𝐵𝑜 = 𝑅2 𝐿𝑐
2⁄  where 𝑅 is the radius of the droplet. 𝐿𝑐 is the capillary length [de Gennes et al., 2004]. 
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In reality, a liquid is usually supported by a solid phase. Together with the gas phase, there 
are three types of interfaces in place, which include (i) a liquid-gas interface, (ii) a solid-
liquid interface, and (iii) a solid-gas interface. The location where three phases meet forms 
a triple line. In an equilibrium state, the relation between three surface tensions* can be 
described by the Young-Dupre law, Equation (1-5) [Schrader, 1995]. 
𝛾𝑙𝑔 cos 𝜃 + 𝛾𝑠𝑙 = 𝛾𝑠𝑔 (1-5) 
𝛾𝑙𝑔 is the surface tension of the interface between liquid and gas phases. Similarly, 𝛾𝑠𝑙 is 
the one between solid and liquid phases, and 𝛾𝑠𝑔 is the one between solid and gas phases. 
𝜃  is the contact angle between the liquid-solid and the liquid-gas interfaces at the 
equilibrium state, see Figure 1.2. If a system features completely wetting, i.e. the liquid 
covers completely the entire substrate, 𝛾𝑠𝑔 − 𝛾𝑠𝑙 − 𝛾𝑙𝑔 > 0, or the system forms a partial 
wetting result with a contact angle when 𝛾𝑠𝑔 − 𝛾𝑠𝑙 − 𝛾𝑙𝑔 < 0. The contact angle at 90° 
separates the wetting (𝜃 < 90) or non-wetting (𝜃 > 90) systems in the partial wetting 
category [de Gennes et al., 2004]. 
                                                 
* Alternatively, the term “interfacial tension” (or “specific interfacial energy”) is often used to describe the 
liquid/liquid and solid/gas interfaces, while “surface tension” (or “specific free surface energy”) is referred 




Figure 1.2 Equilibrium configuration of a small liquid droplet on a solid substrate in a gas 
surrounding, indicating the Young-Dupre equation (Equation (1-5)) 
The dynamic behavior of a capillary flow is often modeled by the Navier-Stokes equations 
with the lubrication approximation. The lubrication theory is valid when the liquid 
thickness is sufficiently smaller than the length scale of the flow field, and therefore the 
fluid inertia can be ignored due to a small Reynolds number (ratio of inertia and viscous 
forces), i.e. Navier-Stokes equations reduced to Stokes equations. In a microgravity 
environment (or in the condition when surface tension dominates gravity), the flow field is 
governed by the pressure gradient and viscosity. The well-known Tanner’s law is an 
example of the result by such an approximation, as shown in Equation (1-6), where 𝑈 is 
flow speed, 𝛾  is surface tension, 𝜇  is viscosity, 𝜃  is the contact angle [Tanner, 1979; 





Considering a small liquid droplet on a solid substrate, the shape of the droplet can be 
described as a spherical cap. The Tanner’s law can be written as Equation (1-7) which 
describes the kinetics of the spreading radius of the droplet (𝑟), by the fixed parameters of 
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surface tension (𝛾), viscosity (𝜇), and the volume of the droplet (Ω). It has been reported 
that an aluminum-silicon 4343 alloy spreading on the aluminum-manganese 3003 alloy 





Geometrical textured surfaces can change the wetting behavior of a liquid/solid/gas system, 
such as the Wenzel and Cassie-Baxter states used to describe the  physical modifications 
and chemically inhomogeneous surfaces, respectively [Kumar and Prabhu, 2007]. The 
surface roughness of the substrate is also able to modify wetting kinetics in preferential 
directions [Liu and Sekulic, 2011; Liu et al., 2012]. 
1.2.3 Hole/clearance filling related studies 
The surface tension driven liquid metal capillary flow is the primary mechanism in the field 
of brazing and soldering processes. There have been some hole-filling works in soldering 
studies (or a clearance filling). A pressure assisted liquid metal via-filling (i.e. through-
hole filling in soldering) was established with an intended process of capillary liquid bridge 
rupture in a cylindrical nozzle. By controlling the pressure across the liquid surface in the 
nozzle, they were able to utilize the liquid bridge rupture and isolate liquid metal in the 
filled hole from the liquid solder bath [Gu et al., 2014; Gu et al., 2016]. 
Techniques of hole-filling using surface tension by liquid metal formed using laser 
irradiation were reported [Spiess and Strack, 1989; Mukai et al., 1992]. As an example, a 
hole in a SiO2 was electroplated with a metal coating at the hole. Then the metal layer was 
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heated and melted using laser irradiation, and formed a liquid metal ring around the hole. 
The ring eventually merged by surface tension and closed the square hole in the SiO2 plate 
[Mukai et al., 1991]. 
Studies for filling a circular hole in the domain of brazing appears to be limited, but surface 
tension driven gap-filling studies have been documented as early as in the 1970s [Edwards, 
1972]. The gap-filling ability is a relevant factor in the brazing design criteria [Shapiro and 
Sekulic, 2008] which describes how well a molten braze can flow and replace an empty 
space between mating surfaces. It is in line with our research objective of repairing a hole 
using a molten braze. Various test designs were developed to provide quantitative data for 
the brazeability* performance of a brazing system, and have adopted since 1980s to recent 
years [Yoshida et al., 1977; Kawase et al., 1989; Takigawa, 1999; Garcia et al., 2001; 
Sisamouth et al., 2010]. It would be useful to refer to some of these established gap-filling 
designs in the field of brazing studies, and establish an approach to fill a penetrated hole 
by a molten braze. 
Two of proposed test methods for gap fillability are selected for a discussion. Let us firstly 
describe the frequently cited, so-called “Clearance Filling Test” [Kawakatsu et al., 1988]. 
The varying clearance between mating aluminum pieces can be produced by either (a) 
making a triangular gap on the joining side of the vertical mating piece or (b) by inserting 
an additional bar to elevate one end of the vertical mating piece from the other mating 
                                                 
* Brazeability is defined to measure a brazing system’s capability to produce a sound brazed joint, which can 
be evaluated in terms of many aspects involving (i) flowability, (ii) wettability, (iii) gap fillability, (iv) fillet 
formability, (v) joint strength, (vi) joint integrity, and (vii) appearance [Takigawa, 1999]. 
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surface*. In this approach, an analyst may measure the length of fillet formation in the 
direction of increasing gap clearance between mating surfaces, after a brazing cycle. The 
fillet length including a few other topographic features of the joint cross-section quantify 
the brazeability of brazing sheets. A brazeability study based on such clearance filling 
approach (including a consideration of joint uniformity impacted by oxide film thickness 
[Kawase and Yamaguchi, 1980]) has been reported recently to categorize joint formation 
of brazing sheets vs. the impacts of adverse atmosphere conditions in terms of high oxygen 
and/or humidity levels [Yu et al., 2013]. 
Another method, the Critical Clearance filling approach, was proposed to measure the 
brazeability of a brazing sheet, in either vertical or horizontal direction [Yoshida and 
Takeuchi, 1977]. The outer diameter (Do) of a pipe is designed intentionally smaller than 
the hole diameter (D) of a brazing sheet. The pipe is inserted into the hole of the brazing 
sheet, with the lateral surface of the bar touching the inner wall of the hole, to create a gap 
(D-Do) for molten metal filling during a brazing process†. By changing the sizes of the hole 
diameter, a critical value of the hole diameter (Dc) will happen when gap filling outcome 
is switching between fillable and non-fillable. Once the critical value is set, the brazeability 
of a brazing sheet can be evaluated by the reduction of fillable clearance area. The analysis 
evaluates the brazeability percentage (Br) which is the ratio of the filled area‡ to the total 
clearance area (Equation (1-8)). Higher values of the Br number mean better brazeability. 
Based on their work, smaller gap clearances were easier to be filled. This critical clearance 
                                                 
* Refer to Fig. 5 in [Kawakatsu et al., 1988] for details. 
† Refer to Fig. 4 and Fig. 5 in [Yoshida and Takeuchi, 1977] for details. 







) and the non-filled area (A) 
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method was also tested by tilting the sample assembly 90 degrees (i.e. the brazing sheet 
was turned from the horizontal direction to the vertical direction). Their results showed 






















× 100% (1-8) 
Now, let us consider a modified setup from the Critical Clearance test, by reducing the 
mating surface of the cylindrical component to only the hole surface, i.e. a removal of the 
cylindrical object, see Figure 1.3. The mating surface is reduced to only the newly created 
core layer surface due to machining. Can the molten aluminum still flow into the hole by 
the capillarity without the need of a mating object? If so, can the hole be filled if a sufficient 
amount of liquid is formed by the brazing sheet? Will there be a critical hole size, similar 
to what appeared in the original method? If above statement is true, can this modified test 
be applicable to different types of brazing sheets? The raised questions lead to the main 
hypothesis. 
 
Figure 1.3 A modified Critical Clearance test by removing the cylindrical object (named 
the “Hole-filling” test). The figure shows a double clad brazing sheet with different central 
hole diameters (Ø 0.2-0.8 mm are considered). The top surface is 4 mm × 4 mm. 
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1.3 Objective of the dissertation 
The objective of this study is not to develop a technology for mitigating the problem of 
brazing discussed, but to consider capillary driven flow of molten metal into a hole 
regardless the process of brazing (i.e. vacuum or controlled atmosphere), material selection 
(aluminum alloys), or 1-g or 0-g condition. We are considering whether a capillary “self-
healing” of a brazing sheet is possible, and to develop a simple prediction tool for filled vs. 
non-filled outcomes. 
Main hypothesis: Liquid aluminum micro-layer formed on an aluminum brazing sheet 
during a brazing process is able to facilitate filling of a pre-existing hole in an aluminum 
alloy substrate by a surface tension driven capillary flow. If sufficient liquid is available, 
the hole can be filled if the required set of pre-defined parameters, to be uncovered, is 
secured. 
1.4 Scope of the dissertation 
Chapter 1 provides an introduction involving the motivation behind this work, a literature 
survey of fundamentals and close-related works, followed by the main hypothesis of this 
dissertation. A simple hole-filling based on a previously established gap-filling is studied. 
The main contribution of this dissertation is summarized in Chapter 2 through Chapter 5. 
Chapter 2. Experiments are designed to test the proposed physical conditions. It is 
demonstrated that the molten clad flow on an aluminum brazing sheet can successfully fill 
a hole, under pre-defined conditions. A heuristic analysis based on minimum potential 
energy principle is offered to explain the experimental outcomes. 
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Chapter 3. A series of empirical studies is executed to build the database sufficient for 
prediction of hole fillability. Deviations appeared between empirical results and the 
predictions, but a general behavior is supported well with the data. The filling and non-
filling processes are analyzed in-situ and in real-time for brazed tests using the hotstage 
microscopy facility. Together with metallographic analysis, results show a pinning of the 
molten aluminum at the edge of the hole. It is shown that the merging process of liquid 
aluminum in the hole is an essential segment of the hole-filling process. 
Chapter 4. It is demonstrated that the behavior of liquid metal inside the hole is analogous 
to the well-established soap film system behavior (i.e. an elastic film bounded by two 
identical co-axial rings and governed by surface tension). The predictions from the soap 
film problem theory agree well with the hole-filling test data. A numerical simulation for 
brazing sheets based on the minimum potential energy principle agrees well with both 
experimental results and the soap film theory predictions. Benchmark studies, using (i) a 
silicone oil on a polystyrene substrate and (ii) an opposite-gravity-direction brazing sample 
conditions, are presented to justify the statements regarding the impact of micro-grooves 
and the dominance of the surface tension. On the process evolution, empirical studies using 
a standalone braze rather than a cladded brazing sheet are tested to verify the applicability 
of the models. Locations of the standalone braze disk are compared for their performance 
and the favorable one is selected for case studies in Chapter 5. 
Chapter 5 begins with a short review for selecting a braze alloy for filling a hole in 
aluminum-copper alloys. Experiments for filling holes on aluminum-copper alloys are 
presented. Wetting and filling are shown with some unfavorable features such as the 
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presence of cavities. A large scale hole-filling experimental configuration is 
phenomenologically studied. It is shown that filling is achievable but a significant phase 
segregation feature may occur. The study of the alloy solidification after hole-filling is 
under further study and will not be presented here.  
The dissertation is concluded with Chapter 6, which summarizes findings of the research 
work, followed by comments for future studies. After Chapter 6, supporting analyses and 
information are attached in the form of appendices and references, to complement the main 












CHAPTER 2:  FILLING A HOLE BY CAPILLARY FLOW AND AN 
ASSOCIATED HEURISTIC MODEL DEVELOPMENT 
2.1 Overview 
This chapter offers an empirical study to verify the proposed configuration of the hole-
filling tests, which includes sample design, process parameters, and quantitative test results. 
The analysis of test results is followed by a heuristic model development, attempting to 
explain the hole-filling phenomenon. 
2.2 Material selection 
Brazing sheets with similar ratios of clad to total sheet thickness (6-8%) were chosen for 
evaluation under a nitrogen protected atmosphere. These include (i) double TRILLIUM® * 
composite clads brazing sheet, designated as Materials #2; (ii) single TRILLIUM®  
composite clad brazing sheet, designated as Material #3; (iii) double AA4343 clads brazing 
sheet, designated as Material #4; and (iv) double AA4045 clads brazing sheet, designated 
as Material #6. The TRILLIUM®  metal matrix composite [Ogilvy et al., 2014] consists of 
an aluminum-silicon alloy (AA4045) and a potassium-fluoro-aluminate salt (~5 wt.%). 
Material configurations and information are presented in Figure 2.1 and Table 2.1.  
The selected materials feature two fluxed “styles” of aluminum alloy types: surface-fluxed 
and self-fluxed. For the surface-fluxed style (Material #4 and Material #6), a potassium 
fluoroaluminate flux is deposited onto a brazing mating surface, e.g. an aluminum sheet. 
                                                 
* TRILLIUM®  brazing composite is protected by US Patent No. 8871356 as well as corresponding patents 
and pending patent applications in other major countries. TRILLIUM®  Technology is a registered 
Trademark of Gränges AB, Sweden. 
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Upon melting of the flux, it wets the aluminum surface featuring native aluminum oxides, 
disrupts the surface oxide, and prevents re-oxidation [Field and Steward, 1987; Lauzon and 
Swidersky, 2002]. Upon melting* of the filler material, the already molten flux is released 
beneath (to the clad-oxide interface) and disrupts the oxide layer [Hawksworth et al., 2014]. 
Studies [Yu et al., 2012] and [Yu et al., 2013] showed that the self-fluxed material is more 
resilient than the surface-fluxed material under adverse brazing atmosphere conditions. 



















(4045 + flux) 
2 × 29 0.49 0.43 2 × 6% 
#3 3003 
TRILLIUM®  
(4045 + flux) 
1 × 25 0.31 0.29 1 × 8% 
#4 3003 4343 2 × 30 0.4 0.34 2 × 7.5% 
#6 3003 4045 2 × 36 0.48 0.41 2 × 7.5% 
 
                                                 
* A DSC analysis of the self-fluxed brazing sheet shows that the onset of melting within the matrix is around 




Figure 2.1 Brazing sheets of the similar ratios of clad to total sheet thickness were selected 
for tests: (i) double 6% clad self-fluxed clads on 3003, (ii) single 8% self-fluxed clad on 
3003, (iii) double 7.5% 4343 clads on 3003, and (iv) double 7.5% 4045 clads on 3003. 
Bottom metallographic photos are cross-sections of all materials prior to brazing processes, 




2.3 Sample configuration 
The modified clearance filling test (named “Hole-filling test” in this text, Figure 1.3), is 
proposed based on the design of Critical Clearance approach [Yoshida and Takeuchi, 1977] 
without the cylindrical component. Hole filling test samples were cut from the source 
brazing sheets to the form of 4 mm × 4 mm square pieces. At the center of each sample, a 
hole was prepared using calibrated SiC drill bits ranging from 0.2 mm to 0.7 mm in 
diameter, using the MITS PCB Prototyping machine. Resulting hole diameters are 
generally larger than the sizes of drilling tools. Measurement of hole sizes are listed in 
Table 2.2. 
Table 2.2 Drilling tool diameters (Ø 0.2-0.7 mm) and the measured hole diameters (Ø 0.2-
0.8 mm) after machining 
Tool diameter 
(mm) 




0.2 0.2 0.003 
0.3 0.34 0.012 
0.4 0.44 0.013 
0.5 0.58 0.008 
0.6 0.69 0.009 
0.7 0.8 0.017 
2.4 Brazing conditions 
Samples placed on a sapphire glass (7 mm diameter and 0.3 mm thick) above the heating 
element were heated up to 600 °C at a rate of 100 °C/min, held for 2 minutes at 600 °C, 
and cooled at 100 °C/min to 40 °C. See Figure 2.2 for the history of measured temperature 
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data vs. time. At the peak temperature, the temperature of the sample surface has been 
estimated 5 °C lower than the temperature readings at 600 °C, refer to Appendix E for 
details of the analysis. The background atmosphere in the hotstage chamber was purged by 
a 99.999% ultra-high purity nitrogen gas source. Information regarding the experimental 
facility is provided in Appendix C. 
 
Figure 2.2 Temperature history of a brazing cycle involving (i) +100 °C/min from room 
temperature to 600 °C, (ii) dwell at 600 °C for 2 min, and (iii) -100 °C/min quench from 
600 °C to 40 °C 
2.5 Results 
Brazed samples results are summarized in Table 2.3. For each brazing sheet, selected hole 
sizes range between 0.2 mm and 0.8 mm. In every selected hole size, three tests were 
repeated as indicated by a group of three solid and/or empty icons in a box. It is observed 
that, for all tested brazing sheet materials, a penetrated hole on an aluminum brazing sheet 
may be filled by a capillary flow if the hole diameter is below the threshold diameter, which 
appears to vary for different materials. TRILLIUM®  single clad brazing sheet (Material #3) 
and the TRILLIUM®  double clad brazing sheet (Material #2) filled 0.34 mm and 0.69 mm 
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holes, respectively. The fluxed AA4045 double clad brazing sheet (Material #6) features 
similar clad thickness and filling results comparing to the double clad TRILLIUM®  brazing 
sheet (Material #2), whereas the AA4343 sample (Material #4) only filled hole sizes up to 
0.58 mm. 
Table 2.3 Summary of hole filling tests for Materials #2-#6 and hole diameters ranges 
0.2-0.8 mm. Three tests were repeated in each selected combination. Threshold diameters 
for filling/non-filling can be identified in general. 
Material Clad type Side × clad 
(µm) 
Hole diameter (mm) 
0.2 0.34 0.44 0.58 0.69 0.8 
2 TRILLIUM®  2 × 29 N/A ●●● ●●● ●●● ●●○ ○○○ 
3 TRILLIUM®  1 × 25 ●●○ ●●● ○○○ N/A N/A N/A 
4 AA4343 2 × 30 N/A ●●● ●●○ ●○○ ○○○ N/A 
6 AA4045 2 × 36 N/A ●●● ●●● ●●● ●●● ○○○ 
1 Each hole diameter is an averaged value by multiple measurements, see Table 2.2. 
2 ● – hole filled  ○ – hole not filled 
Representative sample surface topographical features before and after brazing with hole 
sizes near the ranges of threshold diameters are presented from Figure 2.3 to Figure 2.10 
(refer to Table 2.1 for selected sample information). As an example, the threshold hole size 
of Material #2 is located at 0.69 mm, therefore, the filled case of 0.69 mm diameter is 
presented in Figure 2.3 while the non-filled case of 0.69 mm diameter is shown in Figure 
2.4. The same follows for Material #3, Material #4, and Material #6. 
Figure 2.3(b), Figure 2.5(b), Figure 2.7(b), and Figure 2.9(b) show filled holes by solidified 
liquid aluminum which were formed from cladding layers. Non-filled cases, as shown in 
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Figure 2.4(b), Figure 2.6(b), Figure 2.8(b), and Figure 2.10(b), feature reduced hole 
diameters by 17%, 2%, 31%, and 22%, respectively. The reduction of hole diameter is due 
to the formation of a thin layer of solidified liquid ring on the wall of the hole. 
 
Figure 2.3 Surface topographical features for the filled case of Material #2: (a) a 0.69 mm 
diameter hole before brazing (b) hole closed after brazing 
 
Figure 2.4 Surface topographical features for the non-filled case of Material #2: (a) a 0.69 
mm diameter hole before brazing (b) hole remained open with an estimated 17% reduced 




Figure 2.5 Surface topographical features for the filled case of Material #3: (a) a 0.34 mm 
diameter hole before brazing (b) hole closed after brazing 
 
Figure 2.6 Surface topographical features for the non-filled case of Material #3: (a) a 0.44 
mm diameter hole before brazing (b) hole remained open with an estimated 2% reduced 




Figure 2.7 Surface topographical features for the filled case of Material #4: (a) a 0.44 mm 
diameter hole before brazing (b) hole closed after brazing 
 
Figure 2.8 Surface topographical features for the non-filled case of Material #4: (a) a 0.58 
mm diameter hole before brazing (b) hole remained open with an estimated 31% reduced 





Figure 2.9 Surface topographical features for the filled case of Material #6: (a) a 0.69 mm 
diameter hole before brazing (b) hole closed after brazing 
 
Figure 2.10 Surface topographical features for the non-filled case of Material #6: (a) a 0.8 
mm diameter hole before brazing (b) hole remained open with an estimated 22% reduced 
diameter after brazing 
The purpose of these preliminary tests has been to illustrate the existence of the two 
outcomes: (i) hole filled, and (ii) hole non-filled. A large database of these outcomes will 




Table 2.4 offers a comparison of the total clad volume vs. the volume of the empty hole. It 
is clear that for all tests listed in Table 2.3, every sample has sufficient clad volume 
comparing to the volume of the empty hole. The excessive volume of molten clad in the 
non-filled cases appears apparently to be pinned by an existing hole perimeter edge. 
Table 2.4 Ratio of clad volume vs. hole volume. The braze volume is at least 2.5 times 
more than the volume of the empty hole for all tested cases.  
Volume ratio (Vbraze / Vhole) 
  Hole diameter (mm) 
Material # 0.2 0.34 0.44 0.58 0.69 0.8 
2 61.0 21.0 12.5 7.1 5.0 3.7 
3 40.7 14.0 8.3 4.8 3.3 2.5 
4 76.2 26.3 15.6 8.9 6.3 4.6 
6 76.2 26.3 15.6 8.9 6.3 4.6 
Metallographic cross-sections near the hole regions of samples in Figure 2.3 and Figure 
2.4 are presented in Figure 2.11, while samples shown in Figure 2.9 and Figure 2.10 are 
presented in Figure 2.12. The cross-section photos indicate that during a brazing process, 
clad layers melt and form aluminum alloy liquid which flows into the non-cladded hole 
region by capillary flow, fills the hole and forms a metallic filling after solidification. 
Material #2 (Figure 2.11) and Material #6 (Figure 2.12) show similar microstructure 
features and similar fillability (Table 2.3). The solidified top layer of Material #6 (Figure 
2.12(a)) is slightly thicker than the solidified top layer of Material #2 (Figure 2.11(a)). The 
difference is considered to be the result of total 14 µm difference in clad thickness between 




Figure 2.11 Cross-section of Material #2 (4045&embedded-flux/3003/4045&embedded-
flux brazing sheet): (a) a filled 0.69 mm diameter hole featuring resolidified eutectic Al-Si 
and α-Al phases, (b) a non-filled 0.69 mm diameter hole showing a solidified liquid 




Figure 2.12 Cross-section of Material #6 (4045/3003/4045 brazing sheet): (a) a filled 0.69 
mm diameter hole featuring resolidified eutectic Al-Si and α-Al phases, (b) a non-filled 
0.80 mm diameter hole showing a solidified liquid meniscus formed on the wall of the hole.  
The oscillation of liquid meniscus formed around a non-filled hole has been registered in 
several cases. As an example, Figure 2.13 shows two oscillations after melting of clad 
layers. Two strings of frames (3 frames per string) were taken from a real-time in-situ 
recording during a brazing process by the hotstage experimental facility. A liquid layer 
formed around the hole features a very small increase of volume and immediately decreases 
to its prior thickness, see Figure 2.13(a)-(c) and Figure 2.13(d)-(f) for the stated oscillatory 
features. Particularly, look at the location marked by the red arrow in Figure 2.13(a)-(c). A 
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bright portion of an accumulated liquid is visible in Figure 2.13(b) but it is not visible in 
Figure 2.13(a) or (c). 
 
Figure 2.13 Two instants of oscillation features from the formed liquid ring around the non-
filled hole, Material #6, 0.8 mm diameter hole prior to brazing. The 1st registered oscillation: 
(a)-(c). The 2nd registered oscillation: (d)-(f). 
It has been shown that the molten flux within the aluminum-silicon clad (Materials #2 and 
#3) enables filler flow toward the inner region of the hole. For aluminum-silicon clad 
brazing sheets without embedded potassium fluoroaluminate flux (Materials #4 and #6), a 
flux is required in order to disrupt surface aluminum oxide and to enable capillary flow. 
In general, threshold diameters are observed in both surface-fluxed and self-fluxed cases. 
A hole will be filled if the hole size is less than the threshold diameter and non-filled if the 
hole size is larger than the threshold diameter. Some outliers are registered especially near 
the threshold sizes. Material #2 and Material #6 have similar metallographic features and 
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threshold diameters. Different threshold diameters are registered between Material #4 and 
Material #6. 
The main hypothesis is supported empirically. A liquid aluminum formed on an aluminum 
brazing sheet during a brazing process is able to fill a pre-existing hole by a surface tension 
driven capillary flow. It is valid for both surface-fluxed (Materials #4 and #6) and self-
fluxed (Materials #2 and #3) materials. However, the same type of material system (e.g. 
Material #2 and Material #3) did not show the same threshold diameters, which indicates 
that the fillability is not primarily related to material compositions. In addition, the 
registered oscillation phenomena show a possible equilibrium existence of the non-filled 
outcome, and potentially an impact on the filled/non-filled outcomes. 
2.7 Wetting behavior of molten aluminum 
A schematic of a suggested sequence of the hole-filling steps of a brazing sheet sample is 
presented in Figure 2.15. In Figure 2.15(a), the sapphire substrate (Al2O3) serves as a 
protective layer for the heating element in the hotstage, inserted to prevent undesired 
contact of a potential excess fluid formed during a hot stage brazing operation. Clad layers 
were bonded to the core layer. In the heating process, after reaching the melting point of 
the clad material, molten aluminum has a tendency to wet bare aluminum surfaces on the 
peripheral regions of the sample, see Figure 2.15(b). Once the wetting process of the 
exposed aluminum walls is completed, the brazing sample is in an open-hole state, as 
shown in Figure 2.15(c), hereafter called “State 1”. If the system is in equilibrium in State 
1, the shape of the molten clad is stable without further changes in free molten metal surface. 
For example, Figure 2.14 magnifies the region of non-filled hole in Figure 2.11(b) and 
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clearly shows that the molten clad succeeded in advancing from top and/or bottom surfaces 
of the brazing sheet to the hole and then formed a curved profile, ultimately solidified. 
 
Figure 2.14 Solidified molten aluminum meniscus formed at the wall of the hole. Material 
#2, heating +100 °C/min, Tpeak = 600 °C, tpeak = 2 min, cooling -100 °C/min. Hole diameter 
= 0.69 mm prior to brazing.  
If the State 1 is not an equilibrium state, the molten clad on the surfaces may continuously 
flow into the hole, resulting in a growth of the originally thin layer of liquid formed inside 
the hole (or called a “liquid ring”). The volume of liquid ring in the hole increases, hence 
the free surface moves in the direction toward the axis of symmetry, as shown in Figure 
2.15(d). When sufficient amount of liquid enters the hole, the hole will eventually be 
replaced by molten aluminum, resulting an equilibrium state as a closed hole – State 2, 




Figure 2.15 Schematic molten clad behavior in a brazing process: (a) brazing sheet prior to 
heating, (b) molten clad layer wets the adjacent bare aluminum surfaces, (c) wetting of bare 
aluminum surfaces is completed and forms an equilibrium as an open hole configuration – 
State 1, (d) excessive molten aluminum is formed inside the hole toward the axis of 
symmetry, (e) an equilibrium forms with a closed hole configuration – State 2.  
It has been estimated in Table 2.4 that the volume of braze for all tests is at least 2.5 times 
more than the volume of the empty hole, i.e. always sufficient to fill the hole. It would be 
also useful to check how the sample height (“w” in Figure 2.15), may be impacted due to 
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reduction of clad layer(s) after moving to the hole. Let us evaluate the change of clad ratio, 
i.e. a change in the ratio of clad layer thickness to the total thickness of clad and core layers. 
After filling a hole, the clad ratio reduction is estimated to be below 1% for most of the 
cases and up to 3.2% reduction in the extreme case (maximum hole size and minimum clad 
volume), as summarized in Table 2.5. Therefore, the change of hole depth due to a filling 
process is almost negligible, compared to the brazing sheet thickness. 
Table 2.5 Clad ratio reduction after filling for all tested cases. The reduction ranges 
between the lowest at 0.1% for the double clad samples and up to 3.2% for the single clad 
sample. 
Clad ratio* difference if the hole is filled 
 Hole Diameter (mm) 
Material # 0.2 0.34 0.44 0.58 0.69 0.8 
2 -0.1% -0.3% -0.5% -0.8% -1.2% -1.6% 
3 -0.2% -0.6% -1.0% -1.7% -2.4% -3.2% 
4 -0.1% -0.3% -0.5% -0.8% -1.2% -1.6% 
6 -0.1% -0.3% -0.5% -0.8% -1.2% -1.6% 
* Clad ratio = thickness of clad(s) / total thickness of core and clad(s) 
It has been demonstrated that a hole on an aluminum brazing sheet can be filled by the 
molten metal capillary flow from a brazing sheet’s braze layer(s), if a sufficient disruption 
of the surface oxide is facilitated under yet not fully specified conditions, e.g., clad layer 
mass, geometry of the surface, etc. The analysis on the clad volume (Table 2.4) and the 
clad ratio difference (Table 2.5) indicates that the clad dimensions of the brazing samples 
do not show significant impact on the filled/non-filled result. Therefore, to understand the 
difference between non-filling (State 1) vs. filling (State 2) behaviors, as suggested by the 
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oscillation phenomenon shown in Figure 2.13, a surface energy analysis may provide an 
insight. 
Minimum potential energy principle indicates that a system would have a tendency to reach 
the lowest possible minimum energy state for an equilibrium. For example, a small amount 
of water droplet in zero gravity environment turns into a spherical form because the lowest 
surface area, i.e. lowest surface energy, of a liquid with a constant volume is reached in the 
spherical form. 
Now, let us further consider phenomenologically a real case featuring spreading on a 
substrate with a hole. If the molten aluminum has excellent wettability on the solid 
aluminum, the presence of the solid aluminum surface is expected to promote the spreading 
of molten aluminum instead of forming a spherical ball, Figure 2.16(a). Melting of the filler 
material on top of the substrate with a hole is presented in Figure 2.16(b). If the wetting 
aluminum substrate is replaced by a non-wetting substrate (e.g. a sapphire surface), the 
molten aluminum is expected to form a nearly spherical or an oval shape depending on 
how much gravitational energy is involved from the mass of the liquid. See Figure 2.16(c) 




Figure 2.16 (a) Schematic of a molten aluminum alloy droplet spreading on a wetting 
aluminum sheet with a hole at the center; (b) experimental outcome under conditions of 
(a), 4045 braze on a 3003 substrate with a central hole, peak temperature 620 °C with 2 
min dwell, both sides of the hole open to 99.999% nitrogen gas; (c) a solidified molten 
4045 braze droplet on a non-wetting sapphire substrate, peak temperature 600 °C with 2 
min dwell. 
Successful applications of minimum energy outcome to the same material system, i.e. Al-
Si alloy spreading on Al-Mn alloy has been reported extensively [Zellmer et al., 2001; 
Sekulic, 2001; Sekulic et al., 2001; Sekulic et al., 2004; Zhao et al., 2009]. As an example, 
in [Sekulic, 2001], the final formation of a brazed joint can be predicted by minimizing 
energies of the system, shown in Figure 2.17. The method successfully predicts the 
formation of an equilibrium free surface of the molten clad at the onset of solidification. 
The proposed model is presented by Equation (2-1), involving surface tension, gravity, and 
pressure related terms, presented in a parametric form [Sekulic, 2001]: 
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+ 𝜎𝑚𝐴𝑙−𝑁2(𝐿1 cos 𝜃ℎ + 𝐵1 cos 𝜃𝑣) + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
(2-1) 
𝐸𝑝  is total potential energy; 𝜎𝑚𝐴𝑙−𝑁2  is surface tension between molten aluminum and 
nitrogen gas; 𝑥, 𝑦, ?̃?, and ?̃? are Cartesian coordinates for representing the free surface of 
the molten aluminum 𝑦 = 𝑦(𝑥) and the contour of the vertical wetting surface ?̃? = ?̃?(?̃?), 
t ∈ (0, l) is a mapping parameter; 𝜌 = density of the molten aluminum;  𝑔 is gravitational 
constant; 𝐵1 is the vertical wetting height; 𝐿1 is the horizontal wetting length; 𝜃ℎ is the 
contact angle at 𝑥 = 𝐿1; 𝜃𝑣 is the contact angle at 𝑦 = 𝐵1. 
In Figure 2.17(b), 𝐿0  and 𝐵0  are the horizontal and vertical initial wetted lengths, 
respectively. (𝐿0 − 𝐿1)  and  (𝐵0 − 𝐵1)  are exposed solid/gas surfaces if the molten 
aluminum retracts to form different curvature of the membrane while the amount of molten 
aluminum must remain fixed (i.e. fixed cross-section joint area in 2D). 
In light of the registered wetting behaviors including the oscillation phenomenon, and the 
successful applications of the minimum potential energy principle to predict joint 
formations of Al-Si/Al-Mn systems, it is hypothesized that the filled vs. non-filled 
outcomes are the consequence of the confronted acting forces originating in surface tension 
and gravity influences, and can be predicted by the minimum potential energy principle. 
The following sections provide a heuristic approach aimed at addressing such an auxiliary 




Figure 2.17 Equilibrium membrane of a molten aluminum between mating surfaces: (a) 
metallographic cross-sectional joint formation, vertical AA4343 brazing sheet on 
horizontal AA3003 substrate, KF-AlF3 flux, heating rate is 53 °C/min, peak temperature is 
600 °C, dwell time is 20 s; (b) schematic of the cross-sectional joint formation. The joint 
volume (the area of the molten Al) is a fixed amount. (Images taken from [Sekulic, 2001], 
with permission) 
2.8 Heuristic approach to the hole-filling problem solution 
It would be useful to implement the principle of minimum potential energy for the hole-
filling problem, i.e. to predict the filled vs. non-filled outcome.  
Auxiliary hypothesis #1: The filled or non-filled outcome of a penetrated hole on an 
aluminum brazing sheet during a brazing process can be predicted with sufficient 
confidence in either gravity or microgravity using the principle of minimum potential 
energy only (regardless the existing host of other influential phenomena). 
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2.8.1 Total potential energy of non-filled and filled states 
The heuristic modeling effort targets selected test specimens including materials #3, #4, 
and #6 (details listed in Table 2.1). All materials feature Al-Si clad layer(s) on an Al-Mn 
core layer. The sample dimensions are 4 mm × 4 mm square shape with 0.31-0.48 mm 
thicknesses, see Figure 1.3. 
Let us define the system of interest. The system considered is the molten aluminum clad 
separated from the surroundings by the set of surfaces formed upon melting of the clad 
layer over the brazing sheet’s substrate. The system is interpreted as the enclosed liquid 
phase region marked by dashed red lines, see Figure 2.18. 
 
Figure 2.18 System of interest: molten aluminum clad on all surfaces of the core 
Total potential energy of the system can be presented as follows [Nigro et al., 1993; Sekulic, 
2001]: 
𝐸𝑝 = 𝐸𝑝,𝑠 + 𝐸𝑝,𝑔 + 𝐸𝑝,𝑎 (2-2) 
𝐸𝑝 is the total potential energy of the system, 𝐸𝑝,𝑠 is the surface potential energy, 𝐸𝑝,𝑔 is 
gravitational potential energy, and 𝐸𝑝,𝑎 is the potential energy associated with the external 
atmospheric pressure. Each of these terms is described by the following equations. 
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𝐸𝑝,𝑔 = ∫ 𝜌𝑔𝑧𝑑𝑉
𝑉𝑚𝐴𝑙
 (2-4) 
𝐸𝑝,𝑎 = ∫ 𝑝𝑑𝑉
𝑉𝑚𝐴𝑙
 (2-5) 
In Equation (2-3), 𝐴𝑚𝐴𝑙−𝑁2 is the interface area between molten aluminum and nitrogen 
gas, 𝛾𝑚𝐴𝑙−𝑁2  is the surface tension of molten aluminum in nitrogen gas, 𝐴𝑚𝐴𝑙−𝑠𝑎𝑝 is the 
interface area between molten aluminum and sapphire substrate, 𝛾𝑚𝐴𝑙−𝑠𝑎𝑝 is the interfacial 
tension between molten aluminum and sapphire substrate, 𝐴𝑚𝐴𝑙−𝑠𝐴𝑙 is the interface area 
between molten aluminum and solid aluminum, 𝛾𝑚𝐴𝑙−𝑠𝐴𝑙 is the interfacial tension between 
molten aluminum and solid aluminum, dA is a differential interface area between two 
adjacent substances. In Equation (2-4), 𝑉𝑚𝐴𝑙 is the volume of the molten aluminum, 𝜌 is 
the density of molten aluminum, 𝑔 is the gravitational constant, z is a vertical distance of 
a differential volume to the surface of the sapphire substrate, dV is a differential volume of 
the molten aluminum. In Equation (2-5), 𝑝 is the pressure difference* across the liquid/gas 
interface, and 𝑉𝑚𝐴𝑙 and dV are same in Equation (2-4). 
Let us first look at the pressure associated term in Equation (2-5). Since the volume of the 
molten aluminum is constant, assuming no significant diffusion related volume changes in 
a relatively short period of time at high temperature [Wu et al., 2018b], the potential energy 
                                                 
* Excess pressure across the interface can occur due to surface tension (e.g. the excess pressure of a raindrop 
with 1 µm diameter has 1000 times higher pressure than a raindrop with 1 mm diameter, because of a much 
small radius of curvature at the liquid/gas interface, see Laplace pressure in Chapter 1) [Lautrup, 2011]. 
43 
 
term associated with external pressure is a constant and can be removed during the energy 
minimization analysis [Nigro et al., 1993; Sekulic, 2001], as shown in Equation (2-6). 
𝐸𝑝,𝑎 ~ 𝑝𝑉 ~ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (2-6) 
The influence of the gravitational term comparing to the influence from surface energy 
term may be characterized using the capillary length, Equation (2-7). The dimensions of 
the considered sample (4 mm in the horizontal domain or 0.49 mm in the vertical domain) 
are less than the estimated capillary length (Lc = 6 mm). Therefore, the gravitational 




















= 6 𝑚𝑚 (2-7) 
Therefore, the total potential energy is reduced to  







After completion of wetting of the molten clad along the non-clad substrate walls, the 
system may either form an open hole configuration (State 1, Figure 2.19(a)), or a closed 
hole configuration (State 2, Figure 2.19(b)). 𝐴1 , 𝐴2 , 𝐴3 , 𝐴7 , and 𝐴8  are interface areas 
                                                 
* Gravity is negligible when L < Lc and the capillary effects dominate, as in the zero-gravity environment 
[de Gennes et al., 2004]. 
† [Fu et al., 2013], an experimentally measured data for a 4045 alloy with embedded flux. 
‡ [Magnusson and Arnberg, 2001], data of Al-11.6%Si at 598 °C. 
§ [Bergman et al., 2011], nitrogen gas density at 600 °C. 
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between molten aluminum and nitrogen gas (i.e. free surfaces). 𝐴5 and 𝐴6 are assumed in 
the first idealization as flat and cylindrical liquid/solid interfaces, respectively, and have 
the same areas for either State 1 or State 2. 𝐴4 and 𝐴9 are interface areas between molten 
aluminum and the sapphire substrate. The length (width) of the sample is “𝐿”. The diameter 
of the hole is “𝑑”. The height of the sample is “𝑤” for either State 1 or State 2 (negligible 
reduction of height after filling, as indicated in Table 2.5). 𝑥-axis and 𝑦-axis present the 
coordinates of the based plane. 𝑧-axis is in the direction of increasing thickness “𝑤”. 𝛿1 
and 𝛿2 are clad thicknesses for State 1 and State 2, respectively. 
 
Figure 2.19 Interfaces of the square brazing sheet sample with a hole (as shown in Figure 
1.3) in two states: (a) non-filled state, State 1, and (b) filled state, State 2. 
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State 1 – non-filled hole of the square sample (symmetric to both x-axis and y-axis): 
∫ 𝛾𝑚𝐴𝑙−𝑁2𝑑𝐴
𝐴𝑚𝐴𝑙−𝑁2



















































𝑓𝑜𝑟 z = 𝑓1(𝑥, 𝑦), Ω1 ∈ (𝑥










𝑥 = 𝑓2(𝑦, 𝑧), Ω2 ∈ (0 ≤ 𝑦 ≤
𝐿
2
 , 0 ≤ 𝑧 ≤ 𝑤) ; 
𝑥 = 𝑓3(𝑦, 𝑧), Ω3 ∈ (0 ≤ 𝑦 ≤
𝑑
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𝑓𝑜𝑟  z = 𝑓4(𝑥, 𝑦), Ω4 ∈ (𝑥













= 𝛾𝑚𝐴𝑙−𝑠𝐴𝑙(𝐴5 + 𝐴6)








Each integral in Equation (2-9) and Equation (2-10) presents a quarter portion of the sample 
because of symmetry with respect to both x-axis and y-axis, and thus a multiplier of 4 is 
required. The same applies to Equation (2-12) and Equation (2-13). 
State 2 – filled hole of the square sample (symmetric to both x-axis and y-axis): 
∫ 𝛾𝑚𝐴𝑙−𝑁2𝑑𝐴
𝐴𝑚𝐴𝑙−𝑁2



































𝑓𝑜𝑟 z = 𝑓7(𝑥, 𝑦), Ω7 ∈ (0 ≤ 𝑥 ≤
𝐿
2




𝑥 = 𝑓8(𝑦, 𝑧), Ω8 ∈ (0 ≤ 𝑦 ≤
𝐿
2






















𝑓𝑜𝑟 z = 𝑓9(𝑥, 𝑦), Ω9 ∈ (0 ≤ 𝑥 ≤
𝐿
2







= 𝛾𝑚𝐴𝑙−𝑠𝐴𝑙(𝐴5 + 𝐴6)








Now, let us approximate the square sample configuration (length and width are “𝐿”) by a 
circular disk sample configuration using an equivalent outer diameter  𝐷 = √4𝐿2/𝜋 =
1.13𝐿. The approximation gives an equivalent surface area and therefore the same amount 
of clad volumes, with the benefit of reducing the 3D surfaces to revolving 2D 
axisymmetrical surfaces, Equation (2-15) through Equation (2-20). Note that “ 𝑟 ” 
represents the radial coordinate and “𝑧” is kept to show the vertical coordinate. 
State 1 – non-filled hole of the circular sample (axisymmetric to the z-axis) 






























+ 1 𝑑𝑧) 






  ; 
𝑟 = 𝑔2(𝑧), 0 ≤ 𝑧 ≤ 𝑤  ; 











+ 1 𝑑𝑟 
















(𝐷2 − 𝑑2) + 𝜋(𝑤 − 2𝛿1)(𝐷 + 𝑑)] 
(2-17) 
State 2 – filled hole of the circular sample (axisymmetric to the z-axis) 
∫ 𝛾𝑚𝐴𝑙−𝑁2𝑑𝐴
𝐴𝑚𝐴𝑙−𝑁2



















+ 1 𝑑𝑧) 
𝑓𝑜𝑟 z = 𝑔7(𝑟), 0 ≤ 𝑟 ≤
𝐷
2
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+ 1 𝑑𝑟 















The axisymmetric surfaces can also be expressed in the parametric form*, which can be 
discretized for numerical finite element analysis [Nigro et al., 1993; Wang, 1997]. Let us 
consider the thicknesses of molten aluminum layers on all solid surfaces are thin enough 
comparing to widths of the corresponding solid surface, and approximate all curved free 
surfaces to flat surfaces. An estimation of above mentioned length scales for the 
approximation is given in Table 2.6. With the thin liquid approximation, Equation (2-15) 
through Equation (2-20) can be reduced to Equation (2-21) through Equation (2-26). 
Table 2.6 Ratio of molten aluminum layer thickness vs. width of the contacting surface. 
The cladding layers are less than 2% comparing to the width of the top or bottom surfaces 
of a sample. The formed ring layers near the threshold but non-filled diameter holes are 
between 1% and 23% of the depth of a hole (a deviation is expected due to approximation 
and will be discussed in subsequent sections). 
Test 𝛅𝒓𝒊𝒏𝒈,𝒎𝒂𝒙 𝐰 𝛅𝒓𝒊𝒏𝒈,𝒎𝒂𝒙/𝐰 𝛅𝒄𝒍𝒂𝒅 𝐝 𝐋 − 𝐝 𝛅𝒄𝒍𝒂𝒅/(𝐋 − 𝐝) 
2 
Figure 2.4(b) 
0.058 0.49 12% 0.06 0.69 3.31 2% 
3 
Figure 2.6(b) 
0.004 0.31 1% 0.03 0.46 3.54 1% 
4 
Figure 2.8(b) 
0.09 0.4 23% 0.06 0.58 3.42 2% 
6 
Figure 2.10(b) 




                                                 







State 1 – non-filled hole with negligible liquid thicknesses (axisymmetric to the z-axis) 
∫ 𝛾𝑚𝐴𝑙−𝑁2𝑑𝐴 = 𝛾𝑚𝐴𝑙−𝑁2(𝐴1 + 𝐴2+𝐴3)
𝐴𝑚𝐴𝑙−𝑁2
= 𝛾𝑚𝐴𝑙−𝑁2 [ ∫ 2𝜋𝑟 𝑑𝑟
𝐷/2
𝑑/2


































(𝐷2 − 𝑑2) + 𝜋𝑤(𝐷 + 𝑑)] 
(2-23) 
State 2 – filled hole with negligible liquid thicknesses (axisymmetric to the z-axis) 
∫ 𝛾𝑚𝐴𝑙−𝑁2𝑑𝐴
𝐴𝑚𝐴𝑙−𝑁2
= 𝛾𝑚𝐴𝑙−𝑁2(𝐴7 + 𝐴8)
= 𝛾𝑚𝐴𝑙−𝑁2 (∫ 2𝜋𝑟 𝑑𝑟
𝐷/2
0





























(𝐷2 − 𝑑2) + 𝜋𝑤(𝐷 + 𝑑)] 
(2-26) 
Assemble all terms back to Equation (2-8) and the total potential energy for State 1 and 
State 2 can be described by Equation (2-27) and Equation (2-28), respectively. 
𝐸𝑝,1 = 𝛾𝑚𝐴𝑙−𝑁2 [
𝜋
4











(𝐷2 − 𝑑2) + 𝜋𝑤(𝐷 + 𝑑)] 
(2-27) 
𝐸𝑝,2 = 𝛾𝑚𝐴𝑙−𝑁2 (
𝜋𝐷2
4









(𝐷2 − 𝑑2) + 𝜋𝑤(𝐷 + 𝑑)] 
(2-28) 
2.8.2 Prediction by comparing potential energies of different states 
According to the principle of minimum energy, the system of molten clad is expected to 
form into a shape characterized with the minimum potential energy state and forms the 
final equilibrium: 
𝐸𝑝,𝑒𝑞 = min(𝐸𝑝,1, 𝐸𝑝,2) (2-29) 




𝐸𝑝,2 = 𝛾𝑚𝐴𝑙−𝑁2 [
𝜋
4
(𝐷2 − 𝑑2) +
𝜋𝑑2
4
+ 𝜋𝐷𝑤] + 𝛾𝑚𝐴𝑙−𝑠𝑎𝑝 [
𝜋
4









(𝐷2 − 𝑑2) + 𝜋𝑤(𝐷 + 𝑑)] 
(2-30) 




(𝐷2 − 𝑑2) + 𝜋𝐷𝑤], (ii) 𝛾𝑚𝐴𝑙−𝑠𝑎𝑝 [
𝜋
4




𝑑2) + 𝜋𝑤(𝐷 + 𝑑)], and the result gives truncated energies for State 1 and State 2. 
𝐸𝑝,1,𝑡𝑟 = 𝛾𝑚𝐴𝑙−𝑁2𝜋𝑑𝑤 (2-31) 









𝐸𝑝,𝑒𝑞,𝑡𝑟 = 𝑚𝑖𝑛(𝐸𝑝,1,𝑡𝑟 , 𝐸𝑝,2,𝑡𝑟)










In the model, 𝐸𝑝,1,𝑡𝑟 stands for the truncated energy of the configuration of a non-filled 
hole, and 𝐸𝑝,2,𝑡𝑟 represents the truncated energy of the configuration of a filled hole. The 
model suggests that if the value of 𝐸𝑝,1,𝑡𝑟 is lower than 𝐸𝑝,2,𝑡𝑟 the system stays as an open 
hole. On the contrary, if 𝐸𝑝,2,𝑡𝑟 is lower than 𝐸𝑝,1,𝑡𝑟, the hole will be closed. 
Equation (2-33) indicates that the relevant energy term contributing to the truncated 
potential energy for the non-filled state is from the lateral surface in the hole, while the 
relevant energy terms of the filled state are from the top and bottom interfaces of the hole. 
Thus these surfaces are named “controlling interfaces” since their energies levels decide 
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the truncated potential energies and then determine whether a hole will stay open or closed, 
Figure 2.20. 
 
Figure 2.20 Controlling interfaces. (a) peripheral surface in the hole at State 1, and (b) top 
and bottom circular surfaces of the hole at State 2. 
Furthermore, if surface/interfacial tensions (𝛾𝑚𝐴𝑙−𝑁2
 and 𝛾𝑚𝐴𝑙−𝑆𝑎𝑝) remain constant at the 
brazing temperature, the potential energy in State 1 is proportional to both hole diameter 
and brazing sheet thickness (Equation (2-34)); for State 2, the potential energy is 
proportional to the second power of the hole diameter (Equation (2-35)). 
Non-filled hole: 𝐸𝑝,1,𝑡𝑟 ∝ 𝑑 ∙ 𝑤 (2-34) 
Filled hole: 𝐸𝑝,2,𝑡𝑟 ∝ 𝑑
2 (2-35) 
Therefore, by reducing brazing sheet thickness or increasing the diameter, the hole has a 
tendency to stay at the non-filled state due to lower potential energy, vice versa. Consider 
𝛾𝑚𝐴𝑙−𝑁2
 and 𝛾𝑚𝐴𝑙−𝑆𝑎𝑝 are at the same order of magnitude, for d ≪ w cases, the energy of 
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non-filled hole will be larger than the filled one; for d ≫ w cases, the energy of the filled 
state will be larger than the non-filled one. Hence, there should be a threshold energy level 
at which both states have the same energy, and it should happen when the quantities of “d” 
and “w” have the same order of magnitude. Such a threshold level, can be found by 
equating truncated energies of both states, Equation (2-36). 









2.8.3 Heuristic prediction implementation 
Let us now implement empirical parameters from our preliminary data sets to Equation 
(2-31) and Equation (2-32) and plot Figure 2.21. The parameters include (i) diameters of 
machined holes “𝑑”, (ii) brazing sheet thicknesses “𝑤”, (iii) surface/interfacial tensions 
(including molten aluminum and nitrogen gas “𝛾𝑚𝐴𝑙−𝑁2 ”, and molten aluminum and 
sapphire substrate “𝛾𝑚𝐴𝑙−𝑠𝑎𝑝”). All quantities are summarized in Table 2.7. 
In Figure 2.21, calculated values of 𝐸𝑝,1,𝑡𝑟 show three straight lines for different brazing 
sheet thicknesses. The curved line stands for the truncated potential energy of the filled 
state 𝐸𝑝,2,𝑡𝑟 . It can be seen that, for smaller diameter holes (e.g. d = 0.1-0.4 mm), the 
truncated potential energies of the non-filled state (State 1) are higher than the filled state 
(State 2). Therefore, smaller diameter holes are favored in the filled results. Oppositely, if 
a hole diameter is large (e.g. d = 0.7-1.1 mm), the potential energies of the non-filled state 
is lower than the filled state and therefore favor a non-filled equilibrium based on the 
principle of minimum potential energy. 
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Table 2.7 Physical quantities of components for the truncated energies of the non-filled 
state (Equation (2-31)) and filled state (Equation (2-32)) 
Notation Description Value Source 
𝛾𝑚𝐴𝑙−𝑁2 
Surface tension between molten 




 [Fu et al., 2013] 
𝛾𝑚𝐴𝑙−𝑠𝑎𝑝 
Interfacial tension between molten 




 [Bao et al, 2012] 
𝑑 Diameter of the hole 0.2-0.8 𝑚𝑚 Measurement 
𝑤 Thickness of the brazing sheet 0.31-0.48 𝑚𝑚 Measurement 
 
Figure 2.21 Potential energies (truncated) of the non-filled state (𝐸𝑝,1,𝑡𝑟) and the filled state 
(𝐸𝑝,2,𝑡𝑟 ), for three materials of 0.31-0.48 mm thicknesses. Intersections, i.e. threshold 
diameters, are found at 0.66 mm, 0.55 mm, and 0.42 mm, for Material #6 (𝑤 = 0.48 mm), 
Material #4 (𝑤 = 0.4 mm), and Material #3 (𝑤 = 0.31 mm), respectively. N2-sapphire 
interface condition. 
The three intersections between the line of 𝐸𝑝,2,𝑡𝑟  and three lines of 𝐸𝑝,1,𝑡𝑟  indicate the 
threshold diameters at which the two energies will be the same and thus the tendency to 
56 
 
form the final equilibrium may be either of the two configurations. The calculated threshold 
values, as indicated in the Figure 2.21 caption, are 0.66 mm for Material #6, 0.55 mm for 
Material #4, and 0.42 mm for Material #3. These threshold diameters appear to agree with 
the empirical data presented in Table 2.3, that have threshold diameters: (i) Material #6: 
0.69-0.8 mm, (ii) Material #4: 0.44-0.58 mm, and (iii) Material #3: 0.34-0.44 mm. The 
detailed empirical verification of the predictions and a discussion of the influences of the 
other parameters in Equation (2-33) will be addressed in the following chapter. 
2.9 Summary 
A hole can be filled on a brazing sheet without a need of an additional mating surface in 
the hole. The hole is filled by a surface tension driven capillary flow, of the molten cladding 
layer(s). Both surface-fluxed and self-fluxed Al-Si/Al-Mn brazing sheets can successfully 
fill the hole, up to a certain hole diameter. For a non-filled hole, a thin layer of solidified 
liquid ring is generally observed on the wall of the hole. The minimum potential energy 
principle has been applied to heuristically model the brazing sheet hole-filling (Equation 
(2-33)). The system evolution is treated as in a surface tension dominant state. The 
maximum fillable diameter of a hole exists, i.e. threshold diameter, controlled by the 
brazing sheet geometry (Figure 2.21). A mass balance consideration (Table 2.4) indicates 
that the volume of braze is multiple times larger than the volume of the hole in all tested 
hole size cases, and therefore it is not a limiting parameter to the established threshold 
diameters. Both the prediction and the empirical data suggest that, in general, a hole 




CHAPTER 3:  IMPACT OF INTERFACE CONDITIONS ON FILLED VS. NON-
FILLED OUTCOMES 
3.1 Overview 
It has been verified in Chapter 2 that a hole on an aluminum brazing sheet can be filled by 
capillary flow of molten clad(s). The minimum potential energy principle offers the 
threshold size. The surface energies are primarily influenced by (i) hole diameter, (ii) 
brazing sheet thickness, and (iii) the surface/interfacial tensions between molten-
aluminum/nitrogen-gas and molten-aluminum/sapphire-substrate. This chapter aims to 
verify the heuristic prediction established in Chapter 2. 
3.2 Impact of the interface condition to the truncated potential energy 
In Chapter 2, the tested brazing sheets (Table 2.3) feature the top surface exposed to a 
nitrogen gas and the bottom surface in contact with a sapphire substrate. According to 
Equation (2-36), the truncated potential energy for the filled state (State 2) should be 
influenced by the surface/interfacial tensions on both top surface (𝛾𝑚𝐴𝑙−𝑁2) and bottom 
surface (𝛾𝑚𝐴𝑙−𝑠𝑎𝑝 ) of a brazing sample. By changing materials at the interfaces, the 
truncated potential energies for the filled state (State 2) may also be modified. Equation 
(3-1) offers the truncated energy for the sapphire/sapphire interfaces, i.e. by replacing the 
top interface from facing a nitrogen gas to a sapphire cover. Equation (3-2) shows the 
truncated energy for the nitrogen/nitrogen interfaces, i.e. removing both sapphire interfaces 
to expose both top and bottom sample surfaces to the nitrogen gas. 
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Figure 3.1 Truncated potential energies of a 0.48 mm brazing sheet for non-filled state, 
“Ep,1,tr”, and filled state, “Ep,2,tr”. Variables are hole diameters, “d”, and interface conditions: 
(i) nitrogen-sapphire, “N2-sap”, (ii) sapphire-sapphire, “sap-sap”, and (iii) nitrogen-
nitrogen, “N2-N2” condition. The corresponding threshold hole diameters are estimated: 
(i) 0.66 mm, (ii) 0.5 mm, (iii) 0.97 mm. 
The calculated results obtained by Equation (3-1) are presented in Figure 3.1. For a 0.48 
mm brazing sheet thickness sample, the threshold diameter increases if a sapphire interface 
is replaced by a nitrogen gas. The threshold diameter should decrease if there is a sapphire 
surface covering the top surface of the brazing sheet. The same applies to the 0.4 mm 
brazing sheet thickness in Figure 3.2, and to the 0.31 mm brazing sheet thickness in Figure 
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3.3. Table 3.1 summarizes the calculated threshold diameters vs. different interface 
conditions based on Equation (2-36), Equation (3-1), and Equation (3-2). 
 
Figure 3.2 Truncated potential energies of a 0.4 mm brazing sheet for non-filled state, 
“Ep,1,tr”, and filled state, “Ep,2,tr”. Variables are hole diameters, “d”, and interface conditions: 
(i) nitrogen-sapphire, “N2-sap”, (ii) sapphire-sapphire, “sap-sap”, and (iii) nitrogen-
nitrogen, “N2-N2” condition. The corresponding threshold hole diameters are estimated: 
(i) 0.55 mm, (ii) 0.42 mm, (iii) 0.80 mm. 
 
Table 3.1 Predicted threshold diameters by equating non-filled and filled truncated 
potential energies for different brazing sheets and interface conditions, refer to Equation 





in N2-sap condition 
(mm) 
Threshold diameter 
in sap-sap condition 
(mm) 
Threshold diameter 
in N2-N2 condition 
(mm) 
#6 / 0.489 0.66 0.5 0.97 
#4 / 0.4 0.55 0.42 0.8 




Figure 3.3 Truncated potential energies of a 0.31 mm brazing sheet for non-filled state, 
“Ep,1,tr”, and filled state, “Ep,2,tr”. Variables are hole diameters, “d”, and interface conditions: 
(i) nitrogen-sapphire, “N2-sap”, (ii) sapphire-sapphire, “sap-sap”, and (iii) nitrogen-
nitrogen, “N2-N2” condition. Corresponding threshold hole diameters are estimated: (i) 
0.42 mm, (ii) 0.32 mm, (iii) 0.62 mm. 
3.3 Hole-filling predication vs. empirical evidence 
Summarized in Table 3.2, materials involved in experiments are (i) Material #3 - one side 
cladded brazing sheet with 25 μm aluminum-silicon alloy 4045 clad with an embedded 
potassium fluoroaluminate flux, (ii) Material #4 - two sides cladded brazing sheet with 30 
μm aluminum-silicon alloy 4343 clad, and (iii) Material #6 - two sides cladded brazing 
sheet with 36 μm aluminum-silicon alloy 4045 clad. All core layers were made of an 
aluminum-manganese alloy (e.g. AA3003). The brazing sheet overall thicknesses range 
between 0.31 mm and 0.48 mm. 
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Table 3.2 Brazing sheet material information (including selected information from Table 
2.1) 






4045 +  
embedded Kx-Aly-Fz flux 
1 × 25 0.31 
#4 3003 4343 2 × 30 0.40 
#6 3003 4045 2 × 36 0.48 
a Uncertainty of clad gauge measurements: ± 3 µm 
b Uncertainty of sheet gauge measurements: ± 0.02 mm 
Test samples were cut to the shape of 4 mm × 4 mm square from a selected brazing sheet 
material. Each sample hole was machined by SiC drill bits installed on a Dremel 3000 
Rotary Tool & 220-01 WorkStation at 15,000 rpm speed. Sizes of drill bits depend on the 
targeted hole sizes. In this study, diameters of the hole were between 200 µm and 900 µm. 
The machined samples were cleaned by a sequence of cleaning agents as follows: (i) L&R 
SF-1 degreaser*, (ii) water, and (iii) 190 proof ethanol† using an ultrasonic cleaner. After 
cleaning, a potassium fluoroaluminate flux around 15 g/m2 was loaded onto each sample 
surface. The flux density in this segment of study was intentionally selected to be higher 
than typical industrial standards‡, in order to improve visualization of the liquid aluminum 
formation and the subsequent hole-filling behavior under the microscope.  
                                                 
* Ingredients: sodium metasilicate (1-5%), sodium xylene sulfonate solution (1-10%), quaternary ammonium 
compound (1-5%), ethoxylated propoxylated alcohols (1-5%), and water (70-90%) [L&R Ultrasonics, 
2011]. 
† Ingredients: 95% ethanol and 5% water [Decon Labs, 2016] 
‡ The industrial standard flux loading is typically up to 5 g/m2 or less [Swidersky, 2001]. Material #3 has 
initially an embedded flux within the clad layer for around 2-3 g/m2. This flux loading has been proven 
effective to facilitate brazing in typical industrial heat exchanger applications with TRILLIUM®  
[Hawksworth et al., 2014]. Later developments have shown that brazing with TRILLIUM®  can be 
successful with a tenth of this amount [Stenqvist et al., 2018]. Additional flux was applied on Material #3 
in order to keep all samples (Materials #3, #4, and #6) at the same flux loading level. 
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To verify the validity of the devised heuristic model of hole-filling, the clad interfacial test 
configurations were varied with respect to the location of sapphire glass substrate/cover, 
including (i) the bottom side of the sample (Set 1), (ii) both sides of the sample (Set 2), or 
(iii) on neither side (Set 3). See Figure 3.4, Figure 3.5, and Figure 3.6, respectively, for 
corresponding graphical representations. 
 
Figure 3.4 Test sample with the bottom side covered by a sapphire glass (Set 1): (a) 




Figure 3.5 Test sample with both sides covered by sapphire glasses (Set 2): (a) Material 
#4 or #6, (b) Material #3 
 
Figure 3.6 Test sample with both sides open to surrounding nitrogen gas (Set 3): (a) 
Material #4 or #6, (b) Material #3 
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3.4 Brazing process conditions 
Brazing temperature history was programmed as follows: heating rate from the room 
temperature to 600 °C has been 100 °C per minute, followed by a dwell at 600 °C for 2 
minutes, and cooling from 600 °C to 40 °C with the cooling rate of 100 °C per minute. The 
measured temperature history is shown in Figure 3.7. Note that the measured temperature 
location was at the heating assembly located at the bottom of the sapphire substrate, see 
Figure 3.6, so the sample surface temperature is expected to be slightly lower than 
registered temperature data. Refer to Appendix C for details for the setup of the brazing 
facility, and Appendix E for an assessment of the temperature deviation between the 
sample surface and the location of measurement. 
 
Figure 3.7 Temperature profile 
A high purity nitrogen gas (99.999% N2) flow provides an inert environment for the 
aluminum brazing process in the hot zone, refer to Figure C.1 for the facility configuration. 
The oxygen level (up to 20 ppm) was below the range of a standard requirement (< 100 
65 
 
ppm) for a CAB process of aluminum [Swidersky, 2001]. Studies of an impact of different 
oxygen levels monitored by the oxygen sensor were reported previously [Yu et al., 2012; 
Yu et al., 2013]. This controlled atmosphere brazing process adopted in this study with 
selected Al-Si/Al-Mn systems is expected to feature excellent wetting behavior of molten 
aluminum-silicon alloy on aluminum-manganese alloy substrate. 
3.5 Results and discussion 
Experimental data are presented in Figure 3.8 through Figure 3.10. The horizontal axis is 
the hole diameter. The vertical axis represents the brazing sheet thickness, varied between 
Material #6, Material #4, and Material #3, marked on the right of each figure. A solid 
symbol means a filled hole and an empty symbol means a non-filled result. The predicted 
threshold diameters based on the minimum potential energy principle vs. brazing sheet 
thickness are marked by the red dashed lines in Figure 3.8 (Equations (2-36)), Figure 3.9 
(Equation (3-1)), and Figure 3.10 (Equation (3-2)). Note that in Figure 3.10, there were 
samples brazed at 610 °C, marked differently by rhombic symbols. 
Figure 3.8 shows test results from nitrogen/sapphire interface conditions. The threshold 
hole diameter of a 0.48 mm thick brazing sheet (Material #6) is located between 0.69 mm 
and 0.85 mm. The 0.4 mm thick brazing sheet (Material #4) has filled the 0.55 mm diameter 
hole, but several holes smaller than 0.55 mm are not filled. This indicates that outliers exist 
when hole sizes are close to threshold hole diameters. It is conservatively argued 
(depending on the level of statistical confidence) that the threshold hole diameter of 
Material #4, in nitrogen/sapphire interface conditions, is located between 0.46 mm and 
0.58 mm. The threshold hole diameter of Material #3 is tested between 0.40 mm and 0.49 
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mm. The predicted values from Equation (2-36) are 0.66 mm for Material #6, 0.55 mm for 
Material #4, and 0.42 mm for Material #3, as indicated by the red dashed line in Figure 3.8. 
The empirical data appear to be close to the predicted values. 
 
Figure 3.8 Fillability vs. hole diameter & brazing sheet thickness: nitrogen/sapphire 
interfaces 
Figure 3.9 shows the results of sapphire/sapphire interface conditions. The threshold hole 
diameter of the 0.48 mm thick brazing sheet (Material #6) is located between 0.44 mm and 
0.58 mm. The tested threshold hole diameter for the 0.4 mm thick brazing sheet (Material 
#4) ranges between 0.35 mm and 0.57 mm. The threshold hole diameter of Material #3 is 
tested between 0.35 mm and 0.44 mm. The predicted values from Equation (3-1) are 0.5 
mm (Material #6), 0.42 mm (Material #4), and 0.32 mm (Material #3) as indicated by the 
red dashed line Figure 3.9. Experimental threshold diameters deviate slightly toward larger 
sizes than the predicted diameters. The reduction of threshold diameter generally exists for 
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all three materials when one more non-wetting surface is added (changed from 
nitrogen/sapphire to the sapphire/sapphire). 
 
Figure 3.9 Fillability vs. hole diameter & brazing sheet thickness: sapphire/sapphire 
interfaces. 
Figure 3.10 shows the results of nitrogen/nitrogen interface conditions. The threshold hole 
diameter of a 0.48 mm thick brazing sheet (Material #6) is located between 0.63 mm and 
0.72 mm. The tested threshold diameter for the 0.4 mm thick brazing sheet (Material #4) 
ranges between 0.58 mm and 0.70 mm. The threshold diameter of Material #3 is tested 
between 0.45 mm and 0.48 mm. The predicted values from Equation (3-2) are 0.97 mm 
(Material #6), 0.8 mm (Material #4), and 0.62 mm (Material #3), refer to the red dashed 
line Figure 3.10. Threshold diameters from experiments deviate from the predicted values. 
An extended study based on non-heuristic approaches is addressed in Chapter 4. Despite 
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of the deviations, the predicted trends (an increase of a threshold hole diameter corresponds 
to an increased brazing sheet thicknesses) are reflected experimentally. 
 
Figure 3.10 Fillability vs. hole diameter & brazing sheet thickness: nitrogen/nitrogen 
interfaces 
Although with various levels of deviations, all samples showed the same behavior in all 
interface setups. The experimental data for three interface conditions can be summarized 
as the following: (i) threshold diameters exist for all three interface conditions; (ii) 
threshold diameters increase if brazing sheet thicknesses increase; (iii) adding a non-
wetting surface may reduce the threshold diameter and such a feature is more prominent if 
both sides of hole opening are subjected to non-wetting surfaces. 
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3.6 Molten alloy behavior near the hole during a brazing process 
Two videos from representative filled and non-filled tests were selected and converted to 
sequential frames, so that phenomenological features during hole filling processes may be 
studied. Both samples were video recorded near the speed of 31 frames per second in real 
time in-situ, through the quartz hotstage window. Samples were brazing sheets featuring 
double 4045 clads on a 3003 core (Material #6, Table 3.2). The processing parameters 
involve: (i) heating using a +100 °C/min rate to 600 °C, (ii) dwell at 600 °C for 2 minutes, 
and (iii) cooling using -100 °C/min cooling rate to 40 °C, as shown in Figure 3.7. Bottom 
surfaces of the aluminum samples were in contact with the sapphire substrate and the top 
surfaces of the aluminum samples were exposed to 99.999% nitrogen gas, as illustrated in 
Figure 3.4(a).  
The test featuring a filled hole. In Figure 3.11, a sequence of featured frames taken by 
the hotstage microscopy facility is presented. The diameter of the hole prior to the brazing 
process was 0.69 mm. The test interfacial configuration is as shown in Figure 3.4(a). An 
onset of observation well before melting is shown in Figure 3.11(a). The clad surface has 
the flux coverage. Both clad and flux are in a solid state, prior to reaching the melting 
temperatures. The hole was also filled with the potassium fluoroaluminate flux. When 
melted, see Figure 3.11(b)-(c), the flux became transparent and occupied the hole. The 
molten clad appears as a bright-silver-like colored liquid, as shown in Figure 3.11(c). Later 
in the process, the hole with the edge is clearly visible, see Figure 3.11(d)-(e).  
As heating continues, molten clad starts to form a thin layer of liquid pinned down around 
the edge of the hole, see Figure 3.11(e)-(f). Liquid aluminum ring grows toward the center 
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of the hole and eventually fills the hole, see Figure 3.11(g)-(j). During filling, liquid metal 
pushes remaining liquid flux and/or residual gas out of the hole and completes the filling, 
see Figure 3.11(i)-(j). When quenched, the molten metal and flux residue solidify, Figure 
3.11(k). 
The test featuring a non-filled hole. A sample using the same material (Material #6) as 
the previous case but with a larger hole is presented in Figure 3.12. The diameter of the 
hole was 0.87 mm. The interfacial configuration of the test sample was nitrogen/sapphire, 
as shown in Figure 3.4(a). In Figure 3.12(a), the clad layer of the test sample and the 
covering flux were both in solid state, prior to reaching the melting temperature. The hole 
was covered by the same potassium fluoro-aluminate flux powder as in the case reported 
in Figure 3.11. When melted, the flux becomes transparent and occupies the hole, Figure 
3.12(b). The molten clad has a silver-like color, Figure 3.12(c). Later in the process, the 
molten flux features a decrease of its thickness on the wall of the hole, Figure 3.12(c)-(e). 
As heating continues, molten clad starts to form a thin ring of liquid around the edge of the 
hole, Figure 3.12(f)-(g). Liquid metal grows into a thicker ring layer around the hole and 
the transparent molten flux grows even more toward the center of the hole, Figure 3.12(h). 
However, both liquid domains cease growing and instead start reducing the size of the 
liquid layer within the hole, compare Figure 3.12(h)- (j). No further major topographic 




Figure 3.11 Feature frames of a filled case, Material #6, nitrogen/sapphire interface 




Figure 3.12 Feature frames of a non-filled case, Material #6, nitrogen/sapphire interface 
conditions, Ø 0.87 mm hole, Vclad / Vhole = 3.9 
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The in-situ frames for the filled case (Figure 3.11) provide the following physical evidence: 
(i) the filling process starts with a formation of a thin liquid layer at the peripheral wall of 
a hole while the majority of molten liquid is pinned by the edge of the hole and stays on 
the cladded substrate surface, followed by (ii) the merging process of the formed liquid 
within the hole, instead of a bulk molten aluminum moving over the edge and covering the 
hole, i.e. the edge of the hole is visible until the merging within the hole is completed 
(Figure 3.11(e)-(h)). 
In the case of the non-filled outcome (Figure 3.12), it is observed that a hole with a larger 
diameter features prominently a liquid layer formation around the edge. The thickness of 
the liquid ring in the hole may grow toward the center of the hole to some extent, however, 
it is unable to succeed in reaching the center of the hole. The majority of molten aluminum 
is still on the top surface due to pinning by the edge of the hole. In some cases, an oscillation 
of the formed liquid ring inside the hole is visible, irrespective of the filled or non-filled 
outcomes. 
3.7 Further empirical observations about pinning of the molten aluminum at the 
edge of a hole 
Molten aluminum-silicon alloy on aluminum-manganese alloy features excellent 
wettability and has widely been used in heat exchanger manufacturing processes [Sekulic, 
2013]. A nearly flat molten 4045 & flux alloy disk spreading on solid 3003 alloy substrate 
in a 99.999% nitrogen gas has been registered experimentally, Figure 3.13(b). It agrees 
with the prior reports that molten Al-Si aluminum alloys have excellent wetting 
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performance on solid Al-Mn aluminum alloys and the contact angle is very small [Zellmer 
et al, 2001; Sekulic, 2001b]. 
 
Figure 3.13 Wetting test of a 4045 & flux braze composite on a 3003 substrate: (a) before 
the onset of flux melting, and (b) end of spreading at the peak temperature. Excellent 
wettability registered. Peak temperature 600 °C, dwell time 2 min, heating speed 40 °C/min. 
 
Figure 3.14 A liquid can be pinned at a sharp edge of a solid substrate in a gas if the contact 
angle formed at the edge is less than the sum of the equilibrium contact angle plus the angle 
of the edge, known as the Gibb’s inequality condition [Oliver et al., 1977]. 
Even with very small contact angle (i.e. material system featuring excellent wettability), 
the liquid can be pinned by a sharp edge of the substrate on which the liquid spreads, 
according to Gibb’s inequality condition [Gibbs, 1906; Oliver et al., 1977]. In Figure 3.14, 
a spreading liquid reaches sharp edges of a solid substrate and gets pinned. When the 
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volume of liquid involved increases, the contact angle increases until the contact angle is 
larger than the equilibrium contact angle of the liquid plus the angle of the sharp edge. 
Then the liquid begins to flow over the sharp edge. 
In the present case of aluminum brazing samples, the volume of molten aluminum clad is 
insufficient to form a contact angle at the edge larger than 90° in order to overcome the 
edge, since the total volume of molten clad is limited by the initially thin clad layer and 
may even decrease if the sample is kept for a long period of time at high temperature due 
to diffusive interaction at the clad/core interface [Gao et al., 2002].  
However, empirical evidences indicate that the molten aluminum can still reach the wall 
in the hole. Figure 3.15(a) shows an aluminum brazing sheet prior to a brazing process with 
a machined hole (in the central region of the brazing sample), featuring a thin clad layer of 
an aluminum-silicon alloy on a core layer of aluminum-manganese alloy substrate. After 
machining, no additional processing has been implementing except of the adopted cleaning 
routine. The brazed result shows that, with the existence of an edge on the core layer, 
molten aluminum is still able to reach the peripheral wall of the hole, followed by either a 
filled hole (Figure 3.15(b)) or a thin layer of molten aluminum on the wall of a non-filled 




Figure 3.15 Cross-section at the hole region of a brazed Material #3 sample featuring (a) 
Material #3 sample with a machined hole before brazing, (b) a filled hole, and (c) a non-
filled hole. Process parameters for (b) and (c): nitrogen/nitrogen interface setup, 




Figure 3.16 (a) Edge and the sidewall of the hole of a brazed Material #3 sample, (b) 
increased edge curvature by the formation of residual α-Al solid layer, (c) grain boundaries 
of formed α-Al resulting micro-grooves for eutectic Al-Si flow, and (d) schematic of the 
supply of molten aluminum from the cladded surfaces through the edges. Process 
parameters: nitrogen/nitrogen interface setup, heating/cooling rates +/- 100 °C/min, peak 
temperature 610 °C, dwell time 2 min. 
A possible explanation would be that the formation of α-Al grains reduces the edge 
curvature (Figure 3.16(a)-(b)) and forms micro-grooves around grain boundaries of solid 
α-Al grains (Figure 3.16(c)) during the melting process, which assists the flow across the 
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edge. Hence, although with the majority of liquid pinned at the edge, a portion of the molten 
aluminum is able to reach the other side of the edge and to wet the wall of the hole. 
Brazed samples at the hole regions feature the eutectic Al-Si phase (needle-like) near the 
free surface, and the α-Al phase (white) at solid-aluminum/liquid-aluminum interfaces, see 
Figure 3.15(b)-(c). A thin domain of α-Al phase is also visible at the bottom of the core 
layer (Figure 3.15(c)), originally not cladded. That constitutes a clear evidence that the 
molten clad spreads in a small quantity to the bottom side of the core layer and subsequently 
re-solidifies. It should be concluded that the molten clad travels along the cylindrical wall 
of the hole and is able to reach the bottom side of the core layer. Due to pinning by edges, 
the molten aluminum liquid is separated to multiple liquid domains on different locations 
of the solid aluminum core alloy. The existence of rough surfaces due to formation of solid 
α-Al grains allows transfer of mass between liquids on both sides of an edge, Figure 3.16(d). 
Based on the features of (i) pinning, (ii) micro-grooves, and (iii) an edge visualization 
during a filling process, it should be hypothesized that when a sufficient liquid is free to 
enter the hole, e.g. no obstruction by the non-wetting surface, the threshold diameters are 
primarily controlled by the system of liquid inside the hole. 
3.8 Summary 
The threshold diameter (smaller holes would be filled, larger holes would not) of a hole 
can be identified for every brazing sheet. When the hole size is close to the size of the 
threshold diameter, it is more difficult to predict whether the hole will or will not be filled, 
so that apparently a random perturbation may cause either of the two outcomes. For hole 
diameters significantly smaller or significantly larger than the threshold diameter, the 
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results are more predictable and with a higher statistical confidence. Three interface 
conditions for three selected brazing sheets were tested in order to verify the heuristically 
developed model based on the minimum potential energy principle. The empirical data 
show that threshold diameters appear to deviate from the predicted values in the 
nitrogen/nitrogen setup, but have similar sizes for tests in the nitrogen/sapphire setup. The 
sapphire/sapphire setup gives the smallest threshold diameters due to non-wetting surfaces, 
as expected. Despite of the deviation of actual threshold sizes, the heuristic model generally 
predicts a trend, i.e. an increase of the threshold diameter can be achieved by a large depth 
of the hole, in all three interface conditions. This behavior has been registered for all 
conditions tested. 
In light of in-situ process observations and metallographic studies, sequential events 
registered during a filling process suggest that a filling process involves (i) formation of a 
liquid layer at the wall of the hole, (ii) liquid layer growth toward the center of the hole, 
(iii) merging and filling processes. Registered surface features of filled and non-filled cases 
suggest that irrespective of filling outcomes, formation of a liquid ring on the wall of a hole 
generally takes place. The pinning effect suggests that the molten aluminum liquid is 
separated by edges on different surfaces of the core layer. The formation of α-Al grains 
may serve as an additional source of micro-grooves, allowing molten metal to flow over 
the edges, and to wet the wall of the hole. The visible edge of the hole during the merging 
and filling of the liquid within the hole leads to a hypothesis that the threshold size, if 
without non-wetting interfaces on the sample, would be primarily controlled by the liquid 
layer present within the hole. 
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CHAPTER 4:  IMPACTS OF HOLE CONFIGURATIONS AND MOLTEN BRAZE 
LOCATIONS TO FILLED VS. NON-FILLED OUTCOMES 
4.1 Overview 
It has been established in Chapter 2 that a molten aluminum micro-layer formed on an 
aluminum brazing sheet during a brazing process is able to fill a pre-existing (circular) hole 
by a surface tension driven capillary flow. A heuristic model aiming to predict the filled or 
non-filled hole outcome on an aluminum brazing sheet using the principle of minimum 
energy has been developed in Chapter 2. In Chapter 3, experiments with and/or without 
non-wetting interface setups showed that not all cases agree with the predicted threshold 
sizes. The relatively large deviation between prediction and experimental data for the case 
of nitrogen/nitrogen interface setup (i.e. no contact with a non-wetting surface) is further 
investigated in this chapter. The well-established surface tension dominant “soap film 
problem” (the case of a soap film bounded by two identical and co-axial rings) has been 
considered by an analogy with the hole-filling problem. What follows in the discussion is 
an empirical support and an extended consideration about the impact of the liquid source 
location to the filled vs. non-filled outcomes. 
4.2 The nitrogen-nitrogen interface setup 
Recall Equation (3-2) in Chapter 3 where the energy comparison has been reduced to the 
comparison of areas of free surfaces between the non-filled and the filled configurations in 
the N2-N2 interface setup. Due to the pinning effect (Figure 3.14), the liquid layers formed 
on the cladded surface and inside the hole are pinned by the edges of the hole. Thus, the 
vertical length scale of the hole should constitute the actual hole depth using the core layer 
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thickness (instead of the brazing sheet thickness). The corrected experimental data are 
presented in Figure 4.4, together with the predicted threshold sizes Equation (4-2) shown 
as the red dashed line marked as “Approximated threshold”. 
(𝐸𝑝,1,𝑡𝑟: 𝐸𝑝,2,𝑡𝑟)𝑁2−𝑁2







Threshold size of the hole: 𝑐 = 𝑑/2 (4-2) 
“Ep,1,tr” is the truncated potential energy of the non-filled configuration of the considered 
system in the nitrogen/nitrogen (“N2-N2”) interface setup, while “Ep,2,tr” is the one for the 
filled configuration. “d” is hole diameter. “c” is hole depth. 
Although improved, there is still difference between the prediction and the experimental 
data. A source of deviation may be related to neglecting the liquid ring thickness within 
the hole, as indicated in Table 2.6, Chapter 2. To estimate the surface area, the 
configuration of the curved liquid ring should be included in the consideration. 
Let us first consider the behavior of liquid within the hole and its interaction with the 
cladded surfaces. As empirically shown in Figure 3.16, the liquid aluminum is able to wet 
the inner wall of the hole by flowing through micro-grooves at the hole’s edge. When a 
sufficient amount of liquid reaches and wets the wall of the hole, a thin liquid layer forms, 
while being inter-connected with the liquid on the cladded surface. The liquid formed on 
the cladded surface can continuously exchange its mass with the liquid layer inside the hole, 
through the edge. The oscillation feature (i.e. increase/decrease of liquid layer thickness 
within the hole) in Figure 2.13 provides a possible evidence of exchanging liquids between 
the hole region and the cladded surface region. After the thin film of liquid aluminum is 
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formed, the liquid/gas interface should become an inward-curved surface because of its 
smaller surface area comparing to a vertically straight surface, see Figure 4.1.  
 
Figure 4.1 The liquid ring inside the hole forms first (a) an initial flat surface, and then (b) 
an inward curved surface, in order to reduce the area of the liquid/gas free surface. Note, 
this is possible when a continuous liquid supply is available from the cladded surface 
through the edge. 
Since the hole-in-a-brazing-sheet case is surface tension dominant and the liquid volume 
can increase or decrease by the liquid supply through the edge, the free surface of the liquid 
metal inside the hole can form different shapes as needed. The free surface is bounded by 
two identical and co-axial rings (i.e. top and bottom edges of the hole). There are infinite 
number of possible configurations of curved surfaces that can be formed within the hole 
area at any instant of time, if the hole is not closed (Figure 4.1(b)). There should be a 
configuration which has the minimal surface area (i.e. minimum energy) for a stable 
equilibrium configuration. 
Analogy. Comparing the liquid aluminum free surface in the hole-in-a-brazing-sheet 
problem and the well-established soap film in two identical rings problem [Isenberg, 1992], 
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both cases feature: (1) a surface tension dominant free surface, and (2) boundaries of two 
identical and co-axial rings. A shape change of the liquid aluminum free surface in the hole 
is enabled by the liquid supply through the boundary, while a shape change of the soap 
film free surface is enabled by the elastic feature of a soap film [Couder et al., 1989]. It is 
hypothesized that the hole-filling problem of an aluminum brazing sheet, under current 
sample configurations, is analog to the soap film case in the same boundary setup and can 
be modelled using the same fashion. See Figure 4.2 for graphical presentation. 
 
Figure 4.2 An analogy is promoted between the liquid aluminum free surface in the hole-
in-a-brazing-sheet case and the soap film bounded by two identical and co-axial rings case. 
Auxiliary hypothesis #2: Liquid aluminum free surface configuration for the hole-in-a-
brazing-sheet problem is analog to a soap film bounded by two identical and co-axial rings. 
The filled vs. non-filled outcomes can be predicted similarly by a selection of the diameter 
and the depth of the hole. 
The soap film problem featuring a free surface bounded by two identical and coaxial rings 
(Figure 4.3), has been studied extensively (e.g. Calculus of Variation). The minimal surface 
of such a system generally forms a catenoid. Such a catenoid shape can be described by a 
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hyperbolic cosine function [Isenberg, 1992], see Equation (4-3) and Figure 4.3, where 𝑥 is 
the radial location, y is the vertical location, 𝑘 is a constant which can be obtained using 
the prescribed boundaries including (i) 𝑥0 = the radius of the ring and (ii) 𝑦0 = half of the 
distance between two rings. 





Figure 4.3 Free surface of the soap film bounded by two identical and co-axial rings 
However, the catenoid solution does not always exist. When the two rings boundaries fit 
the relation  𝑦/𝑥 > 0.663 , the surface changes discontinuously (i.e. no intermediate 
surfaces) from the catenoid shape into two disks, known as the “Goldschmidt discontinuous 
solution” [Goldschmidt, 1831; Isenberg, 1992]. The ratio 0.663 is thus the maximum ratio 
of depth/diameter that a catenoid solution would entertain. For boundary configurations 
(i.e. the distance between rings / diameter of rings) satisfying the relation of 0.663 >
𝑦/𝑥 > 0.528, the catenoid solution is the local minimum and the Goldschmidt solution is 
the absolute minimum. In this configuration, the film surface may form either a catenoid 
or two disks. A small disturbance to the catenoid film can cause an oscillation and the film 
returns to its local minimum at the catenoid shape [Bliss, 1925]. When 𝑦/𝑥 =  0.528 , the 
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catenoid area is the same as the area of two disks. For the ratio smaller than 0.528, the 
catenoid shape is the absolute minimum [Isenberg, 1992]. 
Let us now return to the brazing problem keeping in mind the established relations by 
analogy. Correlating to the notations in the brazing sheet problem, the limit due to existence 
of the catenoid solution (named “critical diameter”,  𝑑𝑐𝑟 ) is given in Equation (4-4). 
Equation (4-5) presents a case when the catenoid surface and two disks surfaces have the 
same area (named “threshold diameter”, 𝑑∗), where 𝑐 is the hole depth, see Figure 4.4. For 
simplicity, these two ratios are called the “catenoid model” in this text. 
𝑑𝑐𝑟 = 1.51𝑐 (4-4) 
𝑑∗ = 1.89𝑐 (4-5) 
Therefore, for a fixed hole depth case (i.e. a given brazing sheet), the diameter for a filled 
result is less than 1.51 times of the hole depth, since the open hole configuration (i.e. 
catenoid) does not exist below this ratio. For hole diameters between 1.51 times and 1.89 
times than the hole depth, the hole may be either filled or non-filled since both equilibrium 
solutions exist. This provides an explanation to the oscillation phenomenon reported in 
Figure 2.16 because of the local minimum as an open hole configuration. For hole 
diameters larger than 1.89 times hole depth, the hole should always be open since the 
catenoid surface has the smaller area than the area of two disks. See Figure 4.4 for the ratios 
vs. experimental data. 
Comparing the actual and approximated thresholds in Figure 4.4, the deviation from 
approximating the catenoid surface by cylindrical lateral surface is relatively small. Hence, 
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the main reason of a deviation between the prediction and the empirical data is because the 
liquid metal in the hole is still at the local minimum energy state as a catenoid, without 
sufficient perturbation to shift the system to the absolute minimum energy state (i.e. at the 
“two disks” configuration). 
 
Figure 4.4 Corrected data plot from Figure 3.10 in the nitrogen/nitrogen interface setup. 
The vertical axis now reflects the core layer thicknesses of a brazing sheet. The right two 
dashed lines show the difference of predicted threshold ratios with/without an 
approximation. The left dashed line shows the predicted critical ratio of hole configuration. 
4.3 Experiments to verify the auxiliary hypothesis #2 
Two variables are considered by experiments: the depth and the diameter of a hole. For 
brazing sheet materials discussed in Chapter 3 (Table 3.2), a change of hole depth was 
achieved using different brazing sheets at the similar level of the clad ratio (6-8%) but a 
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change of brazing sheet thickness involves changes of both clad thickness and the number 
of clad sides. 
In this section, a single type of brazing sheet material is selected (Material #3 in Table 3.2). 
The test sample is extracted from a large aluminum brazing sheet using a customized O1 
tool steel punch set, in order to produce an axisymmetric sample which also follows the 
sizing requirement from the brazing apparatus. The produced disk sample has a diameter 
of 4 mm ± 0.1 mm, Figure 4.5(b). The sample thickness, before any thickness adjustment, 
is 0.31 mm as its original gauge from the source brazing sheet. Such a thickness includes 
a thin 25 µm clad layer and a 285 µm core layer. 
The core layer thickness (i.e. hole depth) was modified by mechanically removing pre-
defined thickness domain from the no-clad surface so that the depth of a hole may be varied 
for experiments, i.e. the clad thickness will always be the same while core layer thicknesses 
are reduced. In this segment of experimental work, core layer thicknesses of tested samples 
(marked as “c” in Figure 4.5(a)) are measured to be between 0.08 mm and 0.29 mm. A 
cylindrical hole at the center of the test coupon is drilled by calibrated silicon-carbide drill 
bits depending on the targeted hole diameters of the samples. Diameters of tested samples 
(marked as “d” in Figure 4.5(a)) are measured to be between 0.21 mm and 0.61 mm. 
The sample cleaning process, fluxing procedure, sample supports, and atmosphere 
conditions follow the routine discussed in Chapter 3. The brazing cycle consists of (i) 
heating +100 °C/min from room temperature to the peak temperature at 610 °C, (ii) hold 
at the peak temperature for 2 minutes, (iii) cooling from peak temperature to 40 °C with 




Figure 4.5 (a) Single clad brazing sheet sample with different hole depths (c = 0.08-0.29 
mm) and hole diameters (d = 0.21-0.61 mm). Both sides of the hole openings are exposed 
to a 99.999% nitrogen gas. The clad side is on the top surface; (b) Ø 4 mm disk sample with 
a hole; (c) Temperature settings of the brazing process include heating/cooling rates at 100 
°C/min, peak temperature at 610 °C, and dwell time for 2 min. 
Test results are presented in Figure 4.6, including predictions of two diameter/depth ratios 
from the catenoid model. The horizontal and vertical axes identify hole configurations prior 
to the brazing process. The smallest hole has in 0.21 mm diameter and 0.08 mm depth 
(non-filled, marked using an empty circle). The largest hole features 0.56 mm diameter and 
0.29 mm depth (also non-filled). For diameter/depth ratio larger than 1.89, all holes are 
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non-filled. For holes between the ratio of 1.51 and 1.89, some are filled and others non-
filled. For diameter/depth ratio smaller than 1.51, all holes feature the filled outcome.  
 
Figure 4.6 Test results vs. hole configurations and prediction. Process parameters: 99.999 
N2 gas, heating rate 100 °C/min, peak temperature 610 °C, dwell time 2 min, cooling rate 
100 °C/min. The catenoid model (CAT) is from the analogy to the soap film system. The 
numerical model (SE) is from a simulation using Surface Evolver (Appendix D). 
The numerical model (see Appendix D) is based on minimizing the energy of an 
axisymmetric brazing sheet using the Surface Evolver program [Brakke, 1992], denoted 
“SE” in Figure 4.6. It provides two ratios very close to the catenoid model. The empirical 
data show an excellent agreement with both catenoid and numerical models, and hence 
support the auxiliary hypothesis #2. It should be concluded that for a surface tension 
90 
 
dominant case, a hole favors a filled outcome with a reduced hole diameter and/or an 
increased hole depth. 
4.4 Morphological features near the hole of a brazing sheet in the disk shape 
In this section, two filled and non-filled tests are compared for their surface topographical 
features during a brazing process. The samples are in the disk shape, instead of the square 
shape (Chapter 3). Sample surfaces were recorded in-situ through the hotstage window 
during a brazing cycle, refer to Appendix C for the facility layout. Surface features in terms 
of flux melting, clad melting, filling or non-filling, and solidification are registered and 
presented as sequential frames in Figure 4.7 and Figure 4.8. Recording speed was 31 frames 
per second (32 millisecond per frame).  
Filled case. Figure 4.7 represents the case of a filled hole. In this example, the diameter 
and depth of the hole are measured at 0.34 mm and 0.24 mm, respectively. Figure 4.7(a) 
indicates the solid state of the sample assembly covered by the potassium fluoroaluminate 
flux powder*, before the melting temperatures. In Figure 4.7(b), the flux is in the middle 
of melting process and gradually becomes transparent and the existing hole at the center of 
the brazing sheet reveals. Figure 4.7(c) shows the intense melting of the clad layer which 
forms a silver-colored aluminum-silicon liquid, while some bulky flux continue melting.  
In Figure 4.7(d), a ring of liquid metal forms around the side of the hole. Keep in mind that 
the hole is open on both top and bottom surfaces, exposed to the nitrogen gas. The volume 
                                                 
* Note that the potassium fluoroaluminate flux powder should appear in opaque white color in daylight. The 




of the formed liquid ring inside the hole, is increasing and growing toward the center of 
the hole, as shown in Figure 4.7(e). The sequence of frames (Figure 4.7(e)-(i)) presents the 
filling process of the formed liquid aluminum. It can be identified that the liquid merged 
first in the hole, Figure 4.7(f). Then the liquid in the hole continuously merges with the 
liquid at the cladded surface, until all features of the hole become completely invisible, 
Figure 4.7(g)-(i). Figure 4.7(j) shows a smooth liquid free surface after filling, mixed with 
some localized residue which are assumed to be a mixture of flux residue and aluminum 
oxide agglomerates. It has been observed that the residue is floating on top of the silver-
colored aluminum melt. In Figure 4.7(k), some portion of the aluminum solidified while 
the rest are not. Figure 4.7(l) shows features after solidification is completed. 
Non-filled case. Another example features a hole which has a 0.48 mm diameter (larger 
than previous case) and 0.24 mm depth (same as previous case), shown in Figure 4.8. The 
sequence of frames shows changes on sample surface in a brazing cycle. Figure 4.8(a) 
shows the sample surface prior to the melting temperatures, covered by the potassium 
fluoroaluminate powder. In Figure 4.8(b), the flux melts, becomes partially transparent, 
and the hole on the sample reveals. Clad begins to melt and forms silver-colored liquid on 
the sample surface, Figure 4.8(c). In Figure 4.8(d), the molten aluminum clad is formed 
around the edge of the hole but did not form a visible molten clad layer inside the hole, on 
the contrary to what was registered in the filled case. During the processes of melting and 
dwelling of the brazing cycle, the formed liquid aluminum is pinned on the top surface by 
the edge of the hole, Figure 4.8(e)-(f). Figure 4.8(g) shows the solidification process, as 




In the filled case, the filling process begins by forming a liquid ring around the lateral 
surface of the hole. The volume of the liquid increases, followed by a merging process, and 
the hole completely disappears. The filling process lasts relatively short (in the order of 
seconds or a sub-second, considering the merging process inside the hole). 
In this non-filled case, melting processes of the potassium fluoroaluminate flux and 
aluminum-silicon alloy clad are registered similarly to the filled case, but the liquid 
aluminum formed is pinned by the edge of the hole above the melting temperatures. The 
only difference of test setup between this case and the prior case is the size of the hole 






Figure 4.7 Feature frames of a filled case, Material #3, nitrogen/nitrogen interface 
conditions, Ø 0.34 mm hole diameter, 0.24 mm hole depth, heating rate 100 °C/min, peak 






Figure 4.8 Feature frames of a non-filled case, Material #3, nitrogen/nitrogen interface 
conditions, Ø 0.48 mm hole diameter, 0.24 mm hole depth, heating rate 100 °C/min, peak 
temperature 610 °C, dwell time 2 min, cooling rate 100 °C/min. 
Comparing disk (Ø 4 mm) and square (4 × 4 mm2) samples for their filling/non-filling 
processes, there appears to be no significant difference because the excess liquid is pinned 
on the cladded surface by the edge when it is not filling. Therefore the clad amount 
reduction (21% from a 4 mm × 4 mm square sample to an Ø 4 mm disk sample) due to 
reduced sample contour does not affect the filled/non-filled outcome. 
It can be conjectured that the different amount of liquid caused by (i) different sample 
shapes, (ii) clad sides, (iii) percentages of silicon in aluminum, and (iv) processing 
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parameter such as the peak temperature, should not affect the filled/non-filled outcome as 
long as there is enough amount of liquid formed to replace the empty space of the hole (i.e. 
the extra amount of liquid is pinned by the original clad surface(s)). The statement can be 
supported by the combined test results shown in Figure 4.9.  
It should be concluded that the size of fillable hole using the capillary metal flow formed 
outside the edge depends primarily on diameter and depth of the hole, when the system is 
surface tension dominated and free from any non-wetting surface. Since the excessive 
liquid formed from the clad(s) will be pinned by the edges, factors mildly influencing the 
amount of liquid are irrelevant to the filled/non-filled results. 
 
Figure 4.9 Filled/non-filled outcomes including (i) square and disk samples, (ii) single- 
and double-clad samples, (iii) 8wt.%Si and 10wt.%Si braze alloys, and (iv) 600-630 °C 
peak temperatures. Constant process parameters: 99.999% nitrogen atmosphere, 
heating/cooling rates +/- 100 °C/min, dwell time 2 min. 
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4.5 Benchmark: hole-filling test with/without micro-grooves using a silicone oil on 
a polystyrene substrate 
This segment of work is aimed to verify the proposed role of the micro-grooves in prior 
sections. It was hypothesized that the pinning of liquid around a sharp edge of the hole can 
be mitigated by forming micro-grooves across the edge. 
In this benchmark experiment, a 50 centistokes silicone oil and a polystyrene substrate are 
selected for hole-filling tests. Both experimental and control substrates are machined by 
the same silicon-carbide drilling tool, forming Ø 1.81 mm diameter for the experimental 
sample and Ø 1.85 mm for the control sample. Hole depths for both experimental and 
control samples are 1.31 mm. For the experimental sample, four micro-grooves are formed 
by a blade cutter. The openings of the grooves on the edge are measured in average 120 
µm (std. 12 µm). The four openings occupy 8% of the edge perimeter of the hole. 
The samples are elevated to ensure that both top and bottom surfaces are exposed to the 
air, i.e. free from the contact of another solid surface. Two drops (10 µL/drop) of silicone 
oil are placed per corner, e.g. eight drops (80 µL) in total per sample, on the substrate near 
the hole. The video recording speed is 29 frames per second, with the total duration of 2 
min 21 sec. 
Filled case. Refer to Figure 4.10, the substrate is free of liquid at the beginning, as shown 
in Figure 4.10(a). The silicone oil begins to wet the substrate and reach the edge of the hole 
after being dropped, Figure 4.10(b). The merging liquid quickly surrounds the edge of the 
hole, Figure 4.10(c), and in the meantime begins to enter the hole and forms a thin layer 
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inside the hole, Figure 4.10(d). The quantity of the liquid inside the hole increases and 
grows toward the center of the hole and eventually merges and fills the hole, see Figure 
4.10(e)-(j). After Figure 4.10(j), there is no further visible change and the video stopped at 
Figure 4.10(k). 
Non-filled case. In Figure 4.11, the hole is prepared by the same drilling process without 
altering the edge of the hole. Figure 4.11(a) shows the state of the substrate prior to silicone 
oil drops. Figure 4.11(b) shows the wetting of silicone oil. In Figure 4.11(c), silicone oil 
surrounds the edge of the hole. No further changes after Figure 4.11(c) and the silicone oil 
appears to be pinned at the edge, refer to Figure 4.11(d)-(e). 
By comparing Figure 4.10 and Figure 4.11, it can be seen that micro-grooves allow the 
liquid on the surface to enter the hole instead of being pinned at the edge, so the filling 
process may happen. Based on the catenoid model (Equation (4-4)), with the same hole 
depth 1.31 mm the critical diameter supposes to be 1.98 mm. Although lower than the 
critical number, the case without micro-grooves (Ø 1.85 mm) does not feature filled 




Figure 4.10 Featured frames of the hole-filling test at a hole with four micro-grooves. Hole 
diameter Ø 1.81 mm, hole depth 1.31 mm, 80 µL of 50 centistokes silicone oil, polystyrene 




Figure 4.11 Featured frames of the hole-filling test at a hole without micro-grooves. Hole 
diameter Ø 1.85 mm, hole depth 1.31 mm, 80 µL of 50 centistokes silicone oil, polystyrene 
substrate, both top and bottom surfaces are exposed to the air. 
4.6 Benchmark: hole-filling test against the gravity direction 
To verify the surface-tension-dominant hole-filling process, a test is designed by 
positioning the cladded surface as the bottom side and the no-clad surface as the top side 
(i.e. flipping the single clad brazing sample, Material #3). In this design, the molten liquid 
has to flow upward against the direction of gravity in order to fill the hole. The hole is 
measured 0.29 mm of diameter, and 0.29 mm of depth. The brazing cycle is the same as 
shown in Figure 4.5(c). There is no additional flux deposition on this sample in order to 
improve the visualization of the filling process (i.e. flux is embedded within the clad at the 
bottom surface). 
Figure 4.12(a) shows a sample surface of the no-clad side, before the onset of melting 
temperatures. Figure 4.12(b)-(g) show a sequence of filling process, that includes (1) 
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formation of liquid ring inside the hole, (2) liquid layer growth toward the center of the 
hole, (3) merging of the liquid ring and filling completed. In Figure 4.12(h), the sample is 
in the process of holding at the peak temperature. The newly formed feature on the surface 
in Figure 4.12(h) is assumed to be a mixture of flux/oxide residue. In Figure 4.12(i) the 
molten braze is solidified. This test offers an evidence that the molten braze in the hole-in-
a-brazing-sheet setup enters the hole against the gravity by surface tension and eventually 
fills the hole. 
 
Figure 4.12 Featured frames of a single clad brazing sheet (Material #3) with the cladded 
surface as the bottom side during a hole-filling test. Hole diameter Ø 0.29 mm, hole depth 
0.29 mm, heating rate 100 °C/min, peak temperature 610 °C, dwell time 2 min, cooling 
rate 100 °C/min, both openings of the hole are exposed to the air. 
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4.7 Filled/non-filled outcomes in a standalone braze formation 
It has been established that under ideal brazing conditions* of a controlled atmosphere 
brazing process, the filled vs. non-filled outcome of a hole on an aluminum brazing sheet 
can be predicted by dimensions of the hole, irrespective to types of selected materials (e.g. 
clad sides). This section extends the investigation by verifying whether a different 
formation of braze would feature different filled/non-filled outcomes. For example, a 
molten aluminum can be formed by a stand-alone braze piece on top of a non-cladded 
aluminum substrate, instead of using a cladded surface. 
Auxiliary hypothesis #3: The prediction of filled/non-filled outcomes based on minimum 
energy principle is valid as long as a molten Al-Si braze is available at the edge of the hole 
on an Al-Mn substrate. Therefore, the filled/non-filled outcome is irrespective of the form 
or location of a braze alloy. 
Design of experiments. A molten aluminum is produced from the 4045 filler disk 
positioned at a corner of the top surface of a non-cladded 3003 substrate (Figure 4.13). The 
filler 4045 disk has 1.45 mm in diameter, 0.4 mm of thickness, and 1.9 mg of mass. 
Dimensions of the substrate are 4 mm × 4 mm × 0.4 mm. Two hole diameters were selected 
for comparison: 0.48 mm and 0.81 mm. Test samples are coated with potassium 
fluoroaluminate powders prior to a brazing cycle, and the sample assembly is brazed in a 
99.999% nitrogen atmosphere. Refer to Figure 4.13 for sample configurations.  
                                                 
* Conditions include: high heating rate (e.g., 100°C/min), low oxygen (e.g., 20 ppm), low dew point level 
(e.g., -40°C), high flux loading (e.g., 15 g/m2), and a continuous flow of pure nitrogen brazing atmosphere 




Figure 4.13 Sample configurations of the “braze-away-from-the-hole” setup: (a) a 4045 
filler disk (Ø 1.45 mm × 0.4 mm) placed at a corner on the top surface of a 3003 substrate 
(4 mm × 4 mm × 0.4 mm). Sample surfaces are covered by a K1-3AlF4-6 flux. Both top and 
bottom openings of the hole are exposed to a 99.999% N2; (b) the central hole has a 
diameter of 0.48 mm; (c) the central hole has a diameter of 0.81 mm. 
As shown in Figure 4.14, processing parameters include (i) heating ramp rate at 100 °C/min, 
(ii) peak temperature at 620 °C, (iii) dwell at peak temperature for 2 minutes, (iv) cooling 
ramp rate at 100 °C/min. Based on the model prediction, the hole should be filled if its 
diameter is less than the critical diameter Ø 0.6 mm (1.51 times the hole depth 0.4 mm) or 
should remain open if the hole diameter is larger than the threshold diameter Ø 0.76 mm 




Figure 4.14 Temperature history of (i) heating ramp rate 100 °C/min from 20 °C to 620 °C, 
(ii) dwell at 620 °C for 2 minutes, and (iii) cooling ramp rate 100 °C/min from 620 °C to 
40 °C. 
Results and discussion. Figure 4.15 shows the sequence of the video frames of the sample 
design in Figure 4.13(b), featuring a 0.48 mm diameter and 0.4 mm depth hole. Figure 
4.15(a) shows the initial state of the filler disk freely positioned at the top left corner of the 
square substrate with a central hole. Potassium fluoroaluminate powders cover all sample 






Figure 4.15 Sequence of video frames during a brazing process of a molten 4045 braze disk 
spreading toward a 0.48 mm diameter and 0.4 mm depth hole at the 3003 substrate. Vbraze 
/ Vhole = 9.1, Tpeak = 620 °C, tdwell = 2 min. 
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After the melting of the filler disk, the molten aluminum begins spreading radially, shown 
in Figure 4.15(c). As the spreading continues, the triple-line location of the advancing 
molten alloy reaches the edge of the hole, Figure 4.15(d). Due to the pinning at the edge of 
a hole, the molten braze continues spreading to nearby accessible surfaces around the edge*. 
Radial spreading of the bulk liquid is continuously manifested at locations away from the 
hole, Figure 4.15(e)-(h). When molten aluminum reaches the other edge at the bottom 
portion of the frame, the spreading over flat surfaces appears to slowdown while passing 
through the hole-filling process, Figure 4.15(g)-(l). 
In Figure 4.15(i)-(j), a thin layer of molten aluminum formed on the lateral wall of the hole, 
similarly to the formed liquid rings observed in brazing sheet hole filling tests. A liquid 
domain merging process is registered between Figure 4.15(j)-(k) (i.e. in a sub-second 
period). Then the edge of the hole disappears in Figure 4.15(l). Starting from the formation 
of the liquid ring around the hole, the hole filling process in this case lasts for 0.1 second. 
After the filling is completed, the molten liquid continues spreading toward adjacent flat 
surfaces until around Figure 4.15(m). No significant change in terms of spreading after 
Figure 4.15(m) until the solidification in Figure 4.15(n) is registered. Figure 4.15(o) shows 
the state after solidification. 
The Ø 0.48 mm hole has been successfully filled by the molten liquid produced by a stand-
alone braze disk away from the hole. This filled-hole outcome of the 0.4 mm depth and 
                                                 
* This is hypothesized as a combined effect of inertia forces and pinning at the edge which leads to a locally 
increase of contact angle at the edge and therefore resulting in a wetting process to nearby accessible 
wetting surfaces in order to reduce the contact angle to the equilibrium contact angle. 
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0.48 mm diameter hole agrees with the prediction for the hole-in-a-brazing-sheet 
configuration. The braze volume is estimated 9.1 times larger than the hole volume. 
On the other hand, Figure 4.16 presents the hole-filling process on a substrate with an 
Ø 0.81 mm diameter hole (Figure 4.13(c)). Figure 4.16(a) presents the initial state of the 
brazing sample, prior to melting of the flux and alloy. As the heating process continues, 
the potassium fluoroaluminate flux melts, Figure 4.16(b). In Figure 4.16(c), the filler disk 
melts and extends its spreading over the substrate. In Figure 4.16(d), the triple-line 
indicates that the spreading front reaches the edge of the hole. Similarly to the previous 
case (Figure 4.15), molten aluminum rapidly spreads around the edge of the hole. This 
leads to a complete coverage of the edge domain of the hole (Figure 4.16(d)-(f)). The 
wetting continues along the entire hole perimeter, Figure 4.16(g)-(h). The molten 
aluminum wets the rest of the substrate surface and eventually covers nearly the entire top 
surface of the substrate (Figure 4.16(h)-(k)). 
There is a formation of a thin layer of liquid ring within the hole in Figure 4.16(k), or more 
visible in Figure 4.16(l). No further spreading features can be noticed up to the instant of 
the onset of solidification in Figure 4.16(m). In Figure 4.16(n), the sample is solidified. 
The molten aluminum is pinned by the edges of the hole, while a thin layer of a ring 
formation along the wall of the hole is registered. The reduced hole diameter due to the 






Figure 4.16 Sequence of surface features during a brazing process of a molten 4045 braze 
disk spreading toward a 0.81 mm diameter and 0.4 mm depth hole at the 3003 substrate. 
Vbraze / Vhole = 3.2. Tpeak = 620 °C, tdwell = 2 min, diameter reduction = 19% 
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The outcome of the 0.81 mm diameter and 0.4 mm depth hole configuration is the non-
filled case. This agrees with the prediction given for the hole-in-a-brazing-sheet 
configurations. The volume of the braze is 3.2 times larger than the hole volume so the 
amount of braze should not be a limiting factor for the filled/non-filled spreading outcomes. 
The test results show that the fillability, in the considered configurations (the braze-away-
from-the-hole setup), agrees with the predicted results of the hole-in-a-brazing-sheet setup. 
It is also registered that the hole-closing process begins after the edge of the hole is entirely 
surrounded by the molten braze. 
4.8 Filling test of a braze-on-the-hole setup  
In both hole-in-a-brazing-sheet and braze-away-from-the-hole setups, the filled outcome is 
preceded by the merging process, which can happen when hole sizes are less than the 
threshold size, or the merging always happens when the hole size is less than the critical 
size if no other limiting factor is involved (e.g. poor brazing conditions, insufficient liquid 
volume, etc.). 
For holes between the threshold and the critical sizes, the open hole condition (i.e. catenoid 
shape) is the local minimum and has to overcome a potential barrier, in light of the study 
in the soap film system [Ito and Sato, 2010]. Therefore, it should be expected that by 
forming liquid metal from a filler metal which initially covered the hole (namely, the 
“braze-on-the-hole” setup), the global minimum is readily formed so there is no need for 
overcoming the potential energy barrier between the local minimum (catenoid) to the 
global minimum (two disks). It should be expected that the braze-on-the-hole setup is 
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favorable to achieve a filled outcome than the hole-in-a-brazing-sheet or braze-away-from-
the-hole setups. 
Auxiliary hypothesis #4: The braze-on-the-hole setup favors a filled outcome rather than 
the braze-away-from-the-hole setup. 
A test sample shown in Figure 4.17 involves (i) an Ø 1.45 mm × 0.4 mm braze disk (the 
same as the one in Figure 4.13), (ii) a 4 mm × 4 mm × 0.4 mm substrate with Ø 0.81 mm 
central hole (the same as the one in Figure 4.13(c)), (iii) location of the braze is covering 
the top opening of the hole prior to a brazing cycle, (iv) other test conditions are the same 
as shown in Figure 4.13(a) and Figure 4.14. 
 
Figure 4.17 A filling test with a braze disk located at the top of the hole involving (i) 4045 
braze alloy Ø 1.45 mm × 0.4 mm, (ii) 3003 substrate 4 mm × 4 mm × 0.4 mm, with a central 
hole Ø 0.81 mm × 0.4 mm. 
Test result. Figure 4.18 presents surface features of the considered sample during a hole-
filling test. Figure 4.18(a) shows solid states of all components. Figure 4.18(b) shows flux 
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melting. Figure 4.18(c) has the initiation of molten filler spreading on the substrate (note 
that there is an Ø 0.81 mm × 0.4 mm hole below the filler disk). The spreading of the molten 
metal reaches certain distance but did not completely cover the surface of the substrate, 
Figure 4.18(d)-(l) for the melting and spreading processes. Figure 4.18(l)-(m), a circular 
contour disappears and some surface residues form. The circular contour may indicate a 
non-fully molten braze filler at the registered instant of time. Figure 4.18(n) shows the 
solidification. In Figure 4.18(o), all sample components are in the solid state. 
A cross-section and polished metallographic photo at the hole region is presented in Figure 
4.19. The hole was successfully filled by the solidified braze with eutectic Al-Si and α-Al 
phases within the joint domain. Both sides of the substrate are covered with solidified 
aluminum-silicon alloy. In this braze-on-the-hole configuration, the molten aluminum fills 
directly the hole (i.e. a two-disks-solution analogy). Therefore, a hole size (Ø 0.81 mm) 
somewhat larger than the one corresponding to the threshold size (0.4 mm × 1.89 = Ø 0.76 




Figure 4.18 Sequence of surface features during a brazing process of a 4045 braze disk on 
top of a 0.81 mm diameter and 0.4 mm depth hole at the 3003 substrate. Vbraze / Vhole = 3.2, 




Figure 4.19 Cross-section of a filled hole from the brazing test (Figure 4.18). Test setup: a 
4045 braze disk on top of an Ø 0.81 mm × 0.4 mm hole in a 3003 substrate, Vbraze / Vhole = 
3.2, heating/cooling rates = +/- 100 °C/min, peak temperature = 620 °C, dwell time = 2 min. 
4.9 Summary 
The filled/non-filled outcome of the nitrogen/nitrogen brazing configuration can be 
predicted using minimization of energy. The filling vs. non-filling outcomes depend on the 
hole dimensions. The associated free surface problem in the aluminum brazing process is 
found to be an analog to a well-known soap film problem, bounded by two identical and 
co-axial rings. Both analytical and numerical approaches were discussed and both offer an 
excellent agreement with the empirical data. 
It is concluded that, for a cylindrical hole in a surface tension dominated condition, a deeper 
and narrower hole is favorable for a successful filling using a capillary flow over the edge 
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of a hole. There are two relevant diameter/depth domains: (i) diameter/depth < 1.51 depth, 
the best case scenario since the filled equilibrium state is the absolute minimum for the 
system, and (ii) 1.51 < diameter/depth < 1.89 depth, the secondary choice because a 
perturbation may be needed to shift the system’s energy state from the local minimum 
(catenoid configuration, i.e. non-filled outcome) to the absolute minimum (two disks 
configuration, i.e. filled outcome). The existence of local minimum state indicates why 
some tests are non-filled (i.e. previously considered a deviation) even when their energies 
of the filled state are smaller than the non-filled state. 
To facilitate the filling process, it is important to allow a liquid flow over the edges to the 
wall of the hole, shown empirically in both aluminum brazing system and the silicone-
oil/polystyrene system. The existence of channels at the edge is important to successfully 
fill a hole using a capillary flow. 
The filled/non-filled outcomes from the braze-away-from-the-hole setup do satisfy the 
prediction developed from the hole-in-a-brazing-sheet case. If the braze is placed directly 
on top of the hole (the braze-on-the-hole setup), it may fill a larger size hole than using the 
hole-in-a-brazing-sheet setup or the braze-away-from-the-hole setup. Therefore, the 





CHAPTER 5:  HOLE-FILLING CASE STUDIES USING THE BRAZE-ON-THE-
HOLE TEST SETUP 
5.1 Overview 
It has been established in Chapter 4 that the braze-on-the-hole setup is favorable for a filled 
outcome comparing to the hole-in-a-brazing-sheet setup or the braze-away-from-the-hole 
setup. Such a setup is selected as the hole-filling approach in this chapter. The discussion 
offered here extends the scope of hole-filling studies performed so far by investigating (i) 
filling a hole in an aluminum-copper alloy substrate (Section 5.1), followed by (ii) filling 
a large hole size using a large quantity of the braze alloy (Section 5.2). 
5.1.1 Selection of materials 
Aluminum-copper alloys have been reported as one of the structural alloys for manned 
vehicles in space because of both weight and good strength [Dunn, 2016]. The third 
generation of aluminum-lithium alloys [Prasad and Wanhill, 2017a] may also be 
considered. As a benchmark example, the aluminum-copper alloy 2219-T87, which has 
been reported as a typical material for pressurized module walls at the International Space 
Station [Christiansen, 2014], has been selected for a hole filling study in this chapter. 
Another aviation related aluminum-copper material (2024-T3), which has a higher 
magnesium content (1.2-1.8 wt.%), is selected for the comparison. Moreover, an 
aluminum-manganese 3003 base alloy is selected as a benchmark.  
Aluminum-copper alloys are considered difficult to braze due to relatively low melting 
temperature for applicable braze alloys [Saunders et al., 1979; Dunn, 2016], but the 
continuous interest and efforts in developing low melting temperature braze alloys 
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[Kayamoto and Onzawa, 1996; Chuang et al., 2000; Tsao et al., 2002; AWS C3 Committee, 
2007; Yang et al., 2018] provide a number of potential candidates of braze alloys of interest 
for our study. For example, in a prior study [Burrows and O’Keefe, 1972], an aluminum 
braze (alloyed with 9.3-10.7Si, 9.3-10.7Zn, and 3.3-4.7Cu) was vacuum brazed to a 2219 
plate and a leak-proof joint was obtained, but the interstitial melting at the grain boundaries 
lowers mechanical strength. A most recent work has reported that an Al-18Ag-20Cu-5Si-
0.2Zn braze alloy can form a successful joint to a 2219 base, with an equilibrium contact 
angle of 16°, if the surface of 2219 is coated with Cu prior to the brazing [Srinivas et al., 
2018]. In recent years, the Zn-Al system braze alloys have also been reported for joining 
aluminum, copper, and/or stainless steel materials [Ji et al., 2012; Yang et al., 2018]. The 
development of braze materials is ongoing among the communities of scientists and 
engineers, which is indeed a self-contained research area*  among important topics in 
brazing studies [Davis, 2001]. 
To facilitate a capillary flow of molten braze on an Al-Cu substrate, a Zn-22Al material 
has been selected for hole-filling tests on aluminum-copper sheets and the empirical 
phenomenological findings will be presented in the following sections. The liquidus 
temperature of the selected Zn-22Al alloy is 485 °C which is sufficiently lower than the 
solidus temperature of the 2219-T87 alloy at 543 °C or 500 °C for the 2024-T3 material. 
A cesium tetra-fluoro-aluminate flux has been selected for the brazing tests, for its low 
melting range at 420-480 °C which is at least 20 °C below the melting points of all brazing 
components to be discussed. Refer to Appendix F for additional information related to 
                                                 
* The development of suitable braze alloys is beyond the scope of this dissertation. The focus of this work 
targets the capillary hole-filling process with an attempt using Zn-Al alloy to fill holes in Al-Cu alloy sheets. 
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selected materials. Note that the associated process temperatures do justify the considered 
process as brazing, not soldering.  
5.1.2 Sample and brazing conditions 
Dimensions of sample coupons are given in Table 5.1. Values of the filler diameter, filler 
thickness, and filler mass are in average 1.77 mm, 0.42 mm, and 5.3 mg, respectively. The 
diameters of the substrates are 4 mm with thickness in average 0.46 mm. A filler disk is 
placed on top of a hole of a substrate. Process parameters of a brazing cycle are presented 
in Table 5.2. The hot zone atmosphere is a 99.999% nitrogen gas. A cesium tetra-fluoro-
aluminate flux (CsAlF4) was loaded ~15 g/m2 to the surface of every sample.  
Table 5.1 Materials and dimensions of the braze alloy and substrate alloys 
 Zn-22Al on 3003 Zn-22Al on 2219 Zn-22Al on 2024 
Filler diameter 
(mm) 
1.78 1.71 1.82 
Filler thickness 
(mm) 
0.38 0.48 0.41 
Filler weight 
(mg) 








0.4* 0.47 0.51 
Hole diameter 
(mm) 
0.79 0.56* 0.78 
Test repetition 1 3 2 
* Marked parameters deviated from other two materials. 
Note that there are variations in experimental parameters marked by asterisks in Table 5.1 
and Table 5.2, however, the primary goal for this comparison is to verify whether any of 
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these material systems features promising wettability and/or may lead to closing a hole by 
the solidified braze at the end of a brazing cycle. 
Table 5.2 Process conditions of samples 
 Zn-22Al on 3003 Zn-22Al on 2219 Zn-22Al on 2024 
Heating Rate 
(°C/min) 
100 100 100 
Peak Temperature 
(°C) 
490 495* 490 
Dwell Time 
(min) 
2 1* 2 
Cooling Rate 
(°C/min) 
100 100 100 
* Marked parameters deviated from other two materials.  
5.1.3 Results and analysis 
In Figure 5.1, four featured frames were taken from the test run, in order to reveal the 
topographical features of the Zn-22Al/3003 sample in different states during a brazing 
process. At the beginning of the brazing process, the Zn-22Al filler disk is placed on top 
of a 3003 substrate. The sample surfaces are covered with a CsAlF4 powder flux*, see 
Figure 5.1(a).  
In Figure 5.1(b), flux powders melted and formed transparent liquid which reveals a clean 
surface. The molten Zn-22Al disk is at the onset of spreading. Figure 5.1(c) presents the 
end of an asymptotic stop of spreading. In Figure 5.1(d), the sample has solidified. It can 
be seen that the Zn-22Al filler has good wetting on the 3003 substrate.  
                                                 
* The CsAlF4 flux powders are illuminated by the auxiliary halogen lights and therefore has an orange-like 





Figure 5.1 Surface features of the benchmark Zn-22Al/3003 hole-filling test (a) before the 
brazing cycle (b) melting and spreading of the Zn-22Al filler (c) end of spreading at the 
peak temperature (d) after the brazing cycle 
Similarly, Figure 5.2 offers four sequential frames for topographical features of the Zn-
22Al/2219 sample. Figure 5.2(a) presents the sample surface at the beginning of a brazing 
process. Figure 5.2(b) registers the onset of spreading of the molten Zn-22Al material. The 
spreading covers almost the entire 2219 surface, see Figure 5.2(c). In Figure 5.2(d), the 





Figure 5.2 Surface features of the Zn-22Al/2219 hole-filling test (a) before the brazing 
cycle (b) melting and spreading of the Zn-22Al filler (c) end of spreading at the peak 
temperature (d) after the brazing cycle 
Figure 5.3 shows the result of the Zn-22Al on 2024 system. The empirical data offer similar 
spreading features to previous cases. Figure 5.3(b) shows the onset of spreading of the 
molten Zn-22Al material on 2024 substrate. Notice the center portion of the filler disk 
appears to collapse inward/toward the hole, before the spreading on the top surface occurs. 
As presented in Figure 5.3(c) and Figure 5.3(d), the molten Zn-22Al braze wets the 2024 




Figure 5.3 Surface features of the Zn-22Al/2024 hole-filling test (a) before the brazing 
cycle (b) melting and spreading of the Zn-22Al filler (c) the end of spreading at the peak 
temperature (d) after the brazing cycle 
The brazed samples were cut, grinded, polished, and etched* to reveal the metallographic 
features within the hole region. Figure 5.4(a) shows the joint formation of the Zn-
22Al/2219 system. The top surface of the solidified molten metal features a low curvature, 
leading to a small contact angle shown in Figure 5.4(b). The hole is successfully filled by 
the re-solidified Zn-22Al alloy. There are small cavities on the top right portion of the joint 
                                                 
* Metallographic preparation processes involve (i) grinding using 500, 1200, and 2400 grits SiC papers, (ii) 
polishing with 3 µm and 1 µm diamond suspensions, and (iii) etching using a 4% HCl ethanol solution for 
a duration less than 2 seconds. 
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and a much large one at the bottom of the joint, presumably caused by shrinkage. The 
bottom half of the hole on the 2219 substrate has mild dissolution. 
 
Figure 5.4 (a) Cross-section at the hole region of the brazed Zn-22Al/2219 sample, (b) 
contact angle 7.4° at the triple line location at the outer edge of the 2219 substrate 
The molten Zn-22Al braze disk has filled the hole at the 2024 alloy sheet, see Figure 5.5(a). 
There are small cavities close to the braze/base interfaces and much larger cavities at the 
bottom of the joint, which is believed as a result of a shrinkage. The free surface at the top 
of the molten braze has relatively large curvature. The contact angle at the triple-line 




Figure 5.5 (a) Cross-section at the hole region of the brazed Zn-22Al/2024 sample, (b) 
contact angle 24.5° at the triple-line location. 
The Zn-22Al/2219 sample has been investigated using a SEM/EDX facility (FEI Quanta 
250). The result is shown in Figure 5.6. It indicates that cavities in the re-solidified joint 
domain are present within the zinc-rich phase. An EDX line-scan across the joint interface, 
as shown by the yellow dashed line in Figure 5.6(a), is presented in Figure 5.7 indicating 
a continuous metallic bonding. The concentration of aluminum at the interfacial layer 
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reduces to around 50-60 wt.%, whereas the concentration of zinc increases to between 40-
50 wt.%. 
 
Figure 5.6 EDX mapping of the solidified braze in the filled hole (Test: Zn-22Al/2219): 
(a) optical micrograph at the filled hole with a marked rectangular region for an EDX 
mapping or a marked line for an EDX line scan; (b) zinc distribution within the mapped 
region, light red color shows higher zinc concentration; (c) aluminum distribution within 
the mapped region, marked in yellow. 
The low melting temperature braze alloy Zn-22Al has successfully filled 2219-T87 and 
2024-T3 aluminum sheets with given size holes. This study indicates a possibility to repair, 
in terms of a metallic filling, a penetrated aluminum-copper alloy sheet, with some cavities 
in the Zn-rich phase. The Zn-22Al braze shows promising wettability on 2219-T87 material 
in a controlled nitrogen atmosphere with a cesium tetra-fluoro-aluminate flux, while an 
acceptable wetting may be achieved for the 2024-T3 substrate with a larger contact angle 
than that of the 2219-T87 substrate. Cavities are registered for both brazed 2219-T87 and 
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2024-T3 samples in the zinc rich regions, potentially caused by shrinkage and not favorable 
to joint strength.  
 
Figure 5.7 EDX line scan across the Zn-22Al/2219 joint interface. A decrease of 
aluminum concentration and an increase of zinc concentration are shown at the interfacial 
region. Joint areas feature Zn-Al grains surrounded by zinc-rich phase. 
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5.2 Filling large holes using large quantity of braze alloys 
Discussed cases prior to this section are mainly in surface tension dominant (vs. gravity) 
conditions since the vertical wetting distances in the hole (0.1 mm to 0.49 mm according 
to brazing sheet thicknesses) are sufficiently small to neglect the gravitational influence for 
the equilibrium analysis. The capillary length of molten aluminum in nitrogen gas has been 
estimated as 6 mm, Equation (2-7). Based on the estimation, when a molten aluminum 
spreads on a vertical wetting surface > 6 mm with sufficient mass, the gravity induced 
aggregation of liquid mass at the bottom of the droplet becomes visible, see Figure 5.8. 
The gravitational influence to a joint formation is expressed by the Bond number, as 
indicated in Chapter 1 and Equation (1-4). This metric characterizes the trade-off between 
gravitational and capillary forces. It should be unity or greater for the considered system to 
feature visible impact of gravity.  
Let us consider a case of filling a large cylindrical hole with the axis of symmetry in parallel 
to the gravity direction. In an ideal case, a large mass braze alloy melts on top of the hole, 
followed by the liquid metal flow into the large size hole. This, in general can be considered 
as a flow governed by viscosity, gravity, surface tension and inertial forces in the presence 
of a reaction at the interfaces. At the same time, a large mass of braze alloy forms liquid 
metal phase, impacted by a transient phase change phenomena. Thus to model kinetics of 
such a large mass of an alloy’s filling process involving the melting process of the filler 




Figure 5.8 Equilibrium profiles of different quantities of molten Al-Si on vertical Al-Mn 
plates: (a) 100 mg, (b) 50 mg, (c) 25 mg, (d) 12.5mg. The horizontal substrate is an alumina. 
[Wu et al., 2018a] 
However, an equilibrium consideration can still offer useful information, e.g. whether an 
already filled hole will have a liquid mass staying within the hole or have a dripping liquid 
mass driven by gravity. Note that under microgravity conditions surface tension will keep 
the liquid mass within the confines of the hole. By comparing the capillary and 
gravitational forces at the bottom edge of the opening, the non-dimensional Bond number 
can be formulated as given by Equation (5-1). Here, 𝑟 is the radius of the hole (m), 𝑌 is the 
depth of the hole (m), 𝜌  is the density of the liquid metal (kg/m3), 𝑔  is gravitational 











5.2.1 Sample Design 
The proposed sample is shown in Figure 5.9, the sample assembly, named the “HOLE” 
experiment sample.  
  
Figure 5.9 Design of the HOLE sample: (a) cross-sectional view of all components, (b) 
overall appearance of the sample assembly. Refer to Table 5.3 through Table 5.5 for 
individual sample dimensions.  
Three four primary components (excluding fixtures): 
i. A base alloy: 20 mm long aluminum alloy 3003 tube, Ø 9.5 mm outer diameter, 
and Ø 7.7 mm inner diameter. 
ii. A braze alloy: 3 grams of aluminum alloy 4045 braze with embedded KxAlyFz 
flux, in the shape of a stack of multiple 8.7 mm × 8.7 mm square plates. 
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iii. Two ceramic holders: 23 mm long Al2O3 covers. One end of each cover has an 
end plate with four vent holes. The outer diameter of the ceramic cover is Ø 12.6 
mm. The inner diameter of the ceramic holders is Ø 9.6 mm. 
Refer to Appendix F for properties of braze and tube alloys. The braze-repelling non-
wetting 96% alumina crucible (i) holds the braze alloy in place prior to melting, and (ii) 
keeps the spacing between the assembly components to allow the formation of liquid 
membrane and/or allow a flow. In a microgravity environment (e.g. at the International 
Space Station), it is expected that the flow of liquid would be formed by the molten braze 
alloy flow into the aluminum tube. Ideally, an identical liquid-gas interfacial topography 
at both openings would be expected. In 1-g, the molten metal features concave liquid gas 
interface topography at the top opening of the aluminum tube (opposite to the gravity 
direction) and convex liquid gas topography or a flow out at the bottom of the aluminum 
tube (gravity direction). 
The HOLE sample assembly is designed to target the physical requirements by the NASA 
SUBSA furnace (Solidification Using a Baffle in Sealed Ampoules) on Earth and at the 
International Space Station [Spivey et al., 2003]. The brazing sample size is constrained by 
the inner diameter of a quartz ampoule, designed for SUBSA* . The sample ampoule 
assembly (SAA) would be inserted into the SUBSA furnace for tests (in both terrestrial 
                                                 
* Maximum ampoule size OD = 16 mm, ID = 13 mm, t = 1.5 mm. Regular ampoule size OD = 16 mm, ID = 
12 mm, t = 2 mm. The discussed tests targeted ID = 13 mm but the forthcoming samples will have reduced 
sizes targeting ampoule ID = 12 mm. 
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and microgravity conditions). The sample length is targeted to be 50 mm since the 
isothermal zone* of the ampoule has been established as being a total of 50 mm region. 
The brazing conditions of a test sample targeted in microgravity experiments involve: (i) 5 
°C/min† heating ramp rate from the room temperature to the peak temperature at 605 °C, 
(ii) dwell at 605 °C for 5 minutes, (iii) 5 °C/min cooling ramp rate from 605 °C to the room 
temperature. Although a rapid heating process is preferable for a brazing process‡, to 
accommodate the heating rate of 5 °C/min constrained by the SUBSA equipment, a flux 
embedded material is adopted to mitigate a possible negative impact caused by a prolonged 
heating period after the flux temperature reaches near 550 °C.  
The embedded flux is kept within the aluminum matrix and reacts with the surface 
aluminum oxide layer from the inside of the matrix [Hawksworth et al., 2012; Sekulic, 
2013; Westergard et al., 2017; Shutov et al., 2020]. Our studies have shown that the flux 
embedded brazing material is more resilient in adverse atmospheric conditions than the 
conventional one with flux deposited on the surfaces [Yu et al., 2012; Yu et al., 2013]. It 
is hypothesized that the composite braze material would show a possible advantage, 
comparing to the fluxed material, under a low heating rate condition§. 
                                                 
* The SUBSA furnace was initially designed for observing gradient cooling processes of materials [Spivey 
et al., 2003; Churilov et al., 2006]. 
† The maximum heating ramp rate available from the SUBSA furnace is 5°C/min, it was originally designed 
for InSb and InI crystal studies under gradient cooling conditions [Churilov et al., 2006; Ostrogorsky et al., 
2015]. 
‡ It is well-known that the heating rate higher than 20°C/min is recommended in aluminum brazing. 
§ Keep in mind that reducing the heating rate will increase the oxidation and the oxide thickness at the brazing 
temperature. This will impair brazeability for both fluxed brazing and composite materials, but the 
difference between the two systems is retained. 
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Test conditions for HOLE samples include three different dwell times as the benchmark 
studies: (i) 10 minutes, (ii) 5 minutes, and (iii) 2 minutes. Additional set of samples with 
shorter hole depths than the HOLE samples is included for a comparison (featuring low 
Bond numbers). Characteristic data of the materials and dimensions are listed in Table 5.3 
through Table 5.5. All three (long) tube samples, denoted as 10-ii, 5-ii, and 2-ii (around 20 
mm depth), have the same Bond numbers (1.1). All the short length tube samples, denoted 
as 10-i, 5-i, and 2-i (around 3.5 mm depth), have the same level of Bond number as 0.2. 
Table 5.3 Material data of the 10 minutes dwell samples: Sample#10-i (short tube) and 
Sample #10-ii (long tube) 
Sample# 10-i (short) 10-ii (long) 
Braze material 4045 + KxAlyFz 4045 + KxAlyFz 
Braze weight 0.58 g 2.98 g 
Braze volume 219 mm3 1127 mm3 
Tube material 3003 3003 
Tube ID 7.7 mm 7.7 mm 
Tube OD 9.5 mm 9.5 mm 
Tube length 3.7 mm 20.2 mm 





 126 % 120 % 






Table 5.4 Material information of the 5 minutes dwell samples: Sample#5-i (short tube) 
and Sample #5-ii (long tube) 
Sample# 5-i (short) 5-ii (long) 
Braze material 4045 + KxAlyFz 4045 + KxAlyFz 
Braze weight 0.53 g 2.94 g 
Braze volume 200 mm3 1111 mm3 
Tube material 3003 3003 
Tube ID 7.7 mm 7.7 mm 
Tube OD 9.5 mm 9.5 mm 
Tube length 3.7 mm 20.1 mm 





 116 % 119 % 
Bond # 0.2 1.1 
 
Table 5.5 Material information of the 2 minutes dwell samples: Sample#2-i (short tube) 
and Sample #2-ii (long tube) 
Sample# 2-i (short) 2-ii (long) 
Braze material 4045 + KxAlyFz 4045 + KxAlyFz 
Braze weight 0.50 g 3.00 g 
Braze volume 189 mm3 1135 mm3 
Tube material 3003 3003 
Tube ID 7.7 mm 7.7 mm 
Tube OD 9.5 mm 9.5 mm 
Tube length 3.4 mm 20.4 mm 





 118 % 119 % 
Bond # 0.2 1.1 
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Ground experiments were performed using the transparent controlled atmosphere brazing 
furnace (see Appendix C for details regarding the brazing facility). This series of tests was 
performed as benchmark experiments for comparing with the ground based SUBSA 
experiments.  
The brazing cycle in the transparent CAB facility includes 5 stages. Stage 1 has a relatively 
rapid heating at the rate of 35 °C/min from room temperature up to 427 °C*. Stage 2 begins 
at the temperature level of 427 °C at the heating rate of 5 °C/min (the same heating rate by 
the SUBSA furnace), and completes at the targeted peak temperature of 605 °C. Stage 3 
features different dwell times at the peak temperature (10, 5, or 2 minutes). Stage 4 at low 
cooling rate is facilitated by a natural cooling process of the furnace until 500 °C. Stage 5 
finalizes the brazing cycle by rapid cooling to 400 °C. Temperature histories for 10 minutes, 
5 minutes, and 2 minutes dwell tests are presented in Figure 5.10, Figure 5.11, and Figure 
5.12, respectively.  
                                                 
* Rapid heating below 427 °C since this temperature is well below the temperature of 540 °C, above which 




Figure 5.10 Temperature data of the heater, sample holding stage, and the sample in the 10 
minutes dwell test. Sample temperature thermocouple is placed on the 10-ii sample. Five 
stages of the brazing cycle are involved. 
 
Figure 5.11 Temperature data of the heater, sample holding stage, and the sample in the 5 
minutes dwell test. Sample temperature thermocouple is placed on the 5-ii sample. Five 




Figure 5.12 Temperature data of the heater, sample holding stage, and the sample in the 2 
minutes dwell test. Sample temperature thermocouple is placed on the 2-ii sample. Five 
stages of the brazing cycle are involved. 
5.2.2 Ground Test Results and Analysis 
The main objective of this series of tests is getting phenomenological information about 
filling a cavity (well defined geometry in form of a tube) with a liquid Al alloy in a gravity 
field used as a benchmark for the same configuration testing in 0-g environment (ISS). The 
hypothesis is that a large quantity of liquid Al alloy would fill the hole, but both the 
microstructure and surface features of the re-solidified liquid would differ. Brazed samples 
are examined for establishing their macro-, micro-, and dissolution features. Figure 5.13, 
Figure 5.14, and Figure 5.15 present brazed macro outcomes of dwell time at 10 minutes, 
5 minutes, and 2 minutes, respectively for short and long tubes cases. For Bo = 0.2 tests 
(i.e. Sample 10-i, 5-i, and 2-i), irrespective of dwell time, all samples show nearly flat upper 
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equilibrium liquid surfaces. For Bo = 1.1 the upper equilibrium surface at the onset of 
solidification has a characteristic surface tension affected concave shape. 
Solidified liquid surface membranes formed at the bottom opening present a consequence 
of molten braze alloy exposed to a competition between gravity and surface tension. At 
longer dwell times the surface interaction between the liquid and solid associated with Si 
diffusion would lead to a sizable dissolution. Such features can also be clearly identified in 
the cross-sectional metallographic photos, as shown in Figure 5.17 for short tube samples. 
Solidified braze alloys for short tube tests feature typical eutectic liquid and dendritic α-Al 
structures. Cavities are registered for the cases of 10 min dwell and 2 min dwell, which 
formed typically along with α-Al grains.  
Dissolution behavior appears to be more noticeable in the case of 10 minutes dwell time 
than for two shorter dwell time cases. It is interesting to notice that, especially at the upper 
part of the base alloy, the short tube dissolution appears to be more pronounced. We 
hypothesize that is as the result of a longer period of exposure to liquid aluminum (it is 
noticeable that this feature would differ in the case of the long tube samples, Figure 5.18). 
Brazed results of Bo = 1.1 cases feature a significant difference in comparison to the short 
tube samples, Bo = 0.2, Sample 10-ii, 5-ii, and 2-ii, in Figure 5.13 through Figure 5.15. 
The 2 minute case has non-molten braze at the top edge of the hole, while 10 minutes and 
5 minutes dwell cases have braze alloys filling the hole, i.e., melting, spreading, and 
completely filling the hole. The bottom convex surfaces of 5 minutes and 10 minutes dwell 




Figure 5.13 Macro appearance of the brazed samples: (left side) 10-i, short tube, Bo = 0.2, 
and (right side) 10-ii, long tube, Bo = 1.1 
 
Figure 5.14 Macro appearance of the brazed samples: (left side) 5-i, short tube, Bo = 0.2, 




Figure 5.15 Macro appearance of the brazed samples: (left side) 2-i, short tube, Bo = 0.2, 
and (right side) 2-ii, long tube, Bo = 1.1 
Microstructure formations along the axial direction of the brazed joints are shown in Figure 
5.18. Cases of 10 min and 5 min dwell have successfully filled the empty spaces of the 
tubes while the 2 min case has a non-filled bottom half. Phase segregation is registered at 
the top vs. bottom regions of the tubes for all three cases in Bo = 1.1, while it did not exist 
in the Bo = 0.2 cases. Irrespective of dwell times, the top half of each brazed joint features 
solidified α-Al circular grains and widely distributed pores. Locations near the interfaces 
(i.e. solid/liquid, or α-Al-rich/liquid-rich) usually have larger pores than other regions. The 
bottom half of each brazed joint features solidified eutectic and dendritic α-Al phases 
(called “liquid rich” regions) which are typically seen in brazing sheet tests. Shrinkage 
caused cavities are present in this region as well. 
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Dissolution of brazed sample substrates in Bo = 1.1 tests are measured in terms of the 
thickness reduction of base alloy walls, presented in Figure 5.16. Two measurements are 
made for each brazed sample, at the solid & pore rich regions (Zone 1) and the liquid rich 
region (Zone 2). It can be seen that the thickness reduction is proportional to the dwell time. 
Also, reduction of base alloy thickness is more prominent in liquid rich regions than the 
solid & pore rich regions. 5 min dwell features a relatively mild dissolution (13%) on the 
base alloy. The sample of 10 minutes hold time has a 27% reduction of the base alloy wall.  
 
Figure 5.16 The dissolution of the base alloy tube in Bo = 1.1 tests: (a) reduction of eroded 
base alloy wall thickness vs. dwell time and microstructure feature; (b) two zones for 





Figure 5.17 Microstructure of the Bo = 0.2 brazed joints: (a) Sample 10-i, 10 min dwell, 
Vfiller/Vhole = 126%; (b) Sample 5-i, 5 min dwell, Vfiller/Vhole = 116%; (c) Sample 2-i, 2 min 





Figure 5.18 Microstructure of the Bo = 1.1 brazed joints: (a) Sample 10-ii, 10 min dwell, 
Vfiller/Vhole = 120%; (b) Sample 5-ii, 5 min dwell, Vfiller/Vhole = 119%; (c) Sample 2-ii, 2 






A large quantity of braze alloy fills a large-size hole associated with microstructure 
segregation. For the long tube tests, the dwell time of up to 5 minutes in the HOLE sample 
design case leads to complete filling the hole space with acceptable substrate dissolution. 
The longer dwell time, e.g. 10 minutes, leads to more base-alloy thickness reduction due 
to dissolution. Dissolution is found more prominent in the liquid-rich domain. 
Directly placing a filler aluminum alloy on top of a hole, the low melting temperature alloy 
Zn-22Al together with a CsAlF4 flux can fill given-sized holes on 2219-T87 and 2024-T3 
materials. The spreading of Zn-22Al on 2219-T87 shows a small contact angle (at the 
pinning edge of the substrate). The Zn-22Al has somewhat inferior wetting and larger 
contact angle on the 2024-T3 substrate. Cavities are registered in the zinc rich phases, and 







CHAPTER 6:  CONCLUSIONS AND THE FUTURE WORK 
6.1 Conclusions 
The liquid aluminum micro-layer formed on an aluminum brazing sheet (Al-Si/Al-Mn) in 
a controlled atmosphere brazing process is able to fill a (circular) hole in the sheet by 
surface tension. Both surface-fluxed and self-fluxed brazing sheets (Al-Si/Al-Mn) can 
successfully fill the hole except for hole sizes larger than the maximum fillable hole size. 
The amount of available braze is more than required for replacing the hole sizes to be filled 
so it is not the limiting factor to the maximum fillable hole size. 
The pinning effect suggests that the molten aluminum liquid within the hole vs. the clad 
area is separated by the edges of the core layer. A thin liquid aluminum layer exists inside 
the hole even for the non-filled case, which indicates that there exists a surface tension 
mechanism for liquid metal to reach the hole. Empirical evidence of a rough aluminum 
surface formed during and after brazing shows micro-grooves presence and considered to 
be responsible for molten aluminum flow over the edge. The considered flow mechanism 
is shown by the silicone-oil/polystyrene hole-filling tests with/without micro-grooves, and 
thus suggests that an establishment of channels across the edge of a hole is an important 
factor for a capillary hole-filling process. In addition to the pinning effect, the in-situ 
monitoring microscopic studies show that the filling process is initiated by merging of 
liquid within the hole. 
The hole-filling problem is found to be analog to the well-established soap film problem. 
Both cases have a surface tension dominant free surface bounded by two co-axial and 
identical rings. The prediction of the soap film studies and the simulation have an excellent 
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agreement with the aluminum brazing sheet hole-filling data. The prediction includes two 
ratios: (i) a critical ratio of diameter/depth = 1.51, and (ii) a threshold ratio of 
diameter/depth = 1.89~1.95. For any hole size smaller than the critical ratio, the hole should 
be closed since an equilibrium catenoid shape cannot exist in this configuration. For any 
hole size between the critical ratio and the threshold ratio, the hole may be filled or non-
filled. For any hole size larger than the threshold ratio, the hole should be non-filled. 
Hole-filling tests using a standalone braze disk instead of the clad layer of a brazing sheet 
show that the filled/non-filled outcomes (in the selected hole sizes) may satisfy the 
prediction for brazing sheet studies. The setup of a standalone braze directly on top of a 
hole is more favorable for a filled outcome, and features successful fillings in two case 
studies: (i) the large quantity braze hole-filling test shows that a complete filling can be 
achieved, with an acceptable substrate dissolution if the dwell time at the peak temperature 
is moderate (e.g. less than 5 minutes at 605 °C). Microstructure segregation is registered. 
Dissolution is found to be more prominent in the liquid-rich domain; (ii) a low melting 
temperature alloy Zn-22Al with a CsAlF4 flux can feature a filling for a given-sized hole 
on 2219-T87 and 2024-T3 substrate materials. The spreading of Zn-22Al on 2219-T87 
shows a small contact angle (at the pinning edge of the substrate). The Zn-22Al has 
somewhat inferior wetting and larger contact angle on the 2024-T3 substrate. Cavities are 





6.2 Future work 
 Microgravity capillary hole-filling studies. For example, dimensions of brazing sheet 
samples should be increased above the capillary length for addressing the influence of 
gravity, and compared with microgravity experiments.  
 The equilibrium models should be extended to analyze more complex hole 
configurations (e.g. hyper-velocity impacted geometry). 
 Hole-filling kinetic studies involving (i) braze melting, (ii) spreading, (iii) groove 
formation/impact, and (iv) liquid metal merging should be continued, jointly with a 
high speed recording facility. 
 Vacuum brazing processes 












APPENDIX A: CHARACTERIZATION OF MELTING TEMPERATURES 
USING DIFFERENTIAL SCANNING CALORIMETRY* 
Energy changes associated with metallurgical and chemical changes during the brazing 
cycle of an aluminum-silicon and embedded flux braze composite (4045 + KxAlyFz) were 
analyzed using Pyris 1, Perkin Elmer DSC. The instrument was calibrated with zinc 
(419.47 °C), indium (156.60 °C) and tin (231.88 °C). Cleaned samples (10-14 mg) were 
placed in an aluminum capsule for measurement. The heating rate was set to 10 °C/min 
from an initial temperature of 520 °C to the peak temperature of 600 °C.  
Sample 1 and Sample 2 are in the form of a braze composite (4045 + KxAlyFz). Sample 3 
is in the form of a brazing sheet (the clad layer is the braze composite 4045 + KxAlyFz, and 
the core layer is the 3003 alloy). The result shown in Figure A.1 indicates that the onset of 
melting of the embedded flux is near 554 °C, and the main melting point initiates near the 
Al-Si eutectic point (577 °C). These findings agree with a recent report [Shutov et al., 2020], 
in which the same type of material (4045 + KxAlyFz) was studied using DSC and found 
that the melting point of the embedded flux was at 550 °C and the alloy melting (initiation 
of the main endothermic peak) was at 576 °C. 
 
                                                 














APPENDIX B: EVALUATION OF LIQUID ALUMINUM AVAILABILITY* 
It is important to verify whether the availability of liquid braze formed during at the peak 
temperature is sufficient or is it limiting the filled/non-filled outcomes. The amount of Al-
Si liquid braze formed at a targeted brazing temperature is primarily influenced by (i) alloy 
composition, (ii) brazing temperature, and (iii) duration of exposure to the brazing 
temperature. These factors contribute to the fraction of the liquid phase formation but also 
to the reduction of clad quantity destined to melt due to silicon diffusion across the 
liquid/solid interface [Terrill, 1966; Gao et al., 2002; Sekulic et al., 2004; Zhao and Woods, 
2013; Wu et al., 2018b].  
The available braze (say, in terms of the equivalent clad thickness) can be evaluated using 
Equation (B-1) [Gao et al., 2002; Sekulic et al., 2004]. 𝛿𝑒𝑞 is the equivalent thickness of 
the clad which forms the liquid phase. 𝛿  is the clad thickness of a brazing sheet as 
manufactured. 𝛿𝑑𝑖𝑓𝑓 is the thickness of the silicon depleted zone of the clad layer. 𝑓𝑠𝑜𝑙𝑖𝑑 is 
the solid fraction for a given Al-Si alloy at the peak temperature. 𝛿𝑖 is the residue-formation 
contributing thickness in excess of the second and third dominant terms (e.g. viscosity 
effects, shrinkage, etc.), and assumed to be negligible [Sekulic et al., 2004]. 
𝛿𝑒𝑞 = 𝛿 − 𝛿𝑑𝑖𝑓𝑓 − (𝛿 − 𝛿𝑑𝑖𝑓𝑓)𝑓𝑠𝑜𝑙𝑖𝑑 − ∑𝛿𝑖
𝑖
 (B-1) 
                                                 




The thickness of silicon depleted zone can be evaluated using Equation (B-2) [Terrill, 
1966]. 𝐶 is a constant (1.1284) [Terrill, 1966]. 𝐷 is the diffusion coefficient at the peak 
temperature (1.47 x 10-12 m2/s) [Fujikawa et al., 1978]. 𝑡 is the time of the exposure to 
diffusion (e.g. 156 seconds), estimated from the heating time from 540 °C to the end of the 
dwell time at 600 °C since silicon diffusion becomes prominent above 540 °C [Terrill, 
1966]. 𝑐0 is the solid solubility of Si in Al at the peak temperature (1.1%) [Murray and 
McAlister, 1984]. 𝑐𝑖 is the initial Si concentration in the material (10.6 wt.%, 7.95 wt.%, 





Different silicon concentration in the aluminum alloy leads to different liquid amount 
formed at a melting temperature, which can be estimated by evaluating the solid fraction 
using the Al-Si binary phase diagram [Murray and McAlister, 1984], also known as the 





𝑐𝑙 is the silicon solubility of the liquid Al-Si at the peak temperature (9.4 wt.% at 600 °C). 
𝑐𝑠 is the silicon solubility of the solid Al-Si at the peak temperature (1.1 wt.% at 600 °C). 
𝑐𝑖 is the initial silicon content in the Al-Si alloy as manufactured (10.6 wt.%, 7.95 wt.%, 
and 10.08 wt.% for Materials #3, #4, and #6, respectively). 
The maximum hole volume tested (0.9 mm, see Figure 3.8 through Figure 3.10) is selected 
for the estimation (maximum hole volume and minimum clad amount, i.e. worst case 
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scenario). Table B.1 summarizes the calculation, including (i) the maximum prescribed 
hole volumes for each brazing material, (ii) Si concentration in aluminum, (iii) equivalent 
clad thickness, (iv) volume of braze that forms liquid, i.e. available braze, and (v) ratio of 
the available braze volume to the hole volume.  
Table B.1 Estimated molten braze quantity for Material #3, #4, and #6, at brazing 
temperature 600 °C 
Material 
Max hole volume 
(mm3) 









#3 0.18 10.6 21.7 0.36 2 
#4 0.22 7.95 42.4 0.7 3.2 
#6 0.26 10.08 65 1.05 4 
The estimation indicates that the available braze for each material at 600 °C is at least 2 
times larger than the amount required to replace the empty space of the hole, irrespective 









APPENDIX C: BRAZING FACILITIES 
C.1 Hotstage microscopy brazing facility 
The hotstage microscopy brazing facility (Figure C.1) includes: (i) the controlled 
atmosphere hotstage (Linkam TS1500), (ii) the hotstage control units (Linkam CI-94 and 
PSU-120), (iii) a computer unit installed with an in-house developed control software for 
heating/cooling control and temperature data logging, (iv) the microscope (Olympus 
BX51M) installed with a digital camera (PAXcam), (v) auxiliary lights using a halogen 
lamp (3250K color temperature, Fiber-Lite MI-150) illuminated at the sides of the stage 
window, (vi) the water cooling pump proving a continuous water circulation for the main 
structure of the hotstage (Linkam ECP), and (vii) a certified 99.999% nitrogen gas supply 
(American Welding & Gases) controlled by a flowmeter before venting to the atmosphere. 
To facilitate a brazing process, a test sample (in a circular or a square shape) is subjected 
to a brazing cycle using the heating element, at the center of the hotstage chamber. The 
atmosphere in the hotstage chamber is secured by the cover lid, while the chamber 
atmosphere is connected to a nitrogen gas flow at the volumetric rate of 472 cubic 
centimeters per minute (1 cubic feet per hour). The volume of the hotstage chamber is 
measured as 27.344 ml (Ø 64 mm × 8.5 mm). Prior to every experiment, the chamber 
atmosphere is purged using a 99.999% N2 for around 1000 times of gas replacements. The 
water circulation pump maintains stage body temperature at the level close to the room 




Figure C.1 Hotstage microscopy brazing system: (a) facility layout and (b) facility 
appearance 
The heating/cooling processes are controlled at the speed of +/- 100 °C/min. Temperature 
data logging speed is 109 milliseconds per entry with the temperature stability at 1 °C. The 
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location of temperature measurement is at the heating element, which is below the sample 
and a protective sapphire substrate. An estimation of the temperature deviation between 
the heating element and a sample surface is discussed in Appendix E. The sample surface 
heating, melting, surface tension driven flow and solidification of liquid metal are 
monitored through the stage window of the cover-lid. Real time in-situ videos are recorded 
at the speed around 32 frames per second. 
C.2 Transparent controlled atmosphere brazing facility* 
A transparent controlled atmosphere brazing facility (Centorr Vacuum Industries) was 
installed in the Brazing and Compact Heat Exchangers Research Laboratory in the 
University of Kentucky. Major components in this brazing facility include: (i) gas supply 
system, (ii) vacuum pump system, (iii) gas humidifier center, (iv) transparent furnace hot 
zone, (v) dew point analyzer, (vi) oxygen analyzer, and (vii) data acquisition system. A 
schematic of the furnace system is presented in Figure C.2. 
Prior to a brazing process, a 99.999% nitrogen gas supply (American Welding & Gases) is 
connected to the facility. A vacuum pump (Edwards E2M1.5) is used for evacuating the 
gas in the furnace chamber followed by introducing fresh 99.999% nitrogen gas into the 
chamber. During a brazing process, the 99.999% nitrogen gas flow is controlled at 944 
cm3/min (2 ft3/hr). The chamber atmosphere is sampled at the outlet of the furnace chamber 
and analyzed by both oxygen analyzer and dew point analyzer. The oxygen analyzer 
(Teledyne 316RA) uses an electro-chemical transducer (Model B2-C) to analyze the 
                                                 
* Detailed information including calibration and operation procedures are discussed in [Yu, 2015]. 
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oxygen concentration, with the accuracy ± 2 % of the span of measurement [Teledyne, 
1995]. The dew point analyzer includes two units: (i) a chilled mirror dew point sensor 
(General Eastern* 1311-DR) and (ii) a dew point monitor (General Eastern M4). Accuracy 
of the dew point measurement is ± 0.2 °C (± 0.36 °F) [General Eastern, 1996]. The 
volumetric gas flow rates to both oxygen and dew point analyzers are controlled at 472 
cm3/min (1 ft3/hr). 
The transparent hot zone consists of several layers of clear fused quartz glass tubes. The 
main glass tube is surrounded by a Joule-heating coil which delivers thermal energy to the 
sample through radiation. The sample is placed on an isothermal test platform (e.g. 91 mm 
× 64 mm), located at the center of the hot zone. A layer of glass, with an advanced semi-
permeable coating, covers the heating coils and reflects thermal radiation portion of the 
spectrum back into the hot zone, while permitting visual observation on the samples. The 
brazing process is controlled by a special-designed program [Centorr, 1997]. 
Temperature readings of the sample and the heating coil are registered by K-type 
thermocouples and delivered to the control unit (Honeywell UDC 3500). The maximum 
heating rate is 35 °C/min (63 °F/min). If a rapid cooling process is required, a 99.9% 
nitrogen gas flow at room temperature can be released to the hot zone and quenches the 
sample. 
 
                                                 








C.3 High temperature optical contact angle analyzer* 
The optical contact angle analyzer facility (Data Physics) can be used for measuring 
equilibrium contact angle during a brazing process. Major components of this facility 
include: (i) nitrogen 99.999% gas supply system (American Welding & Gases), (ii) a Joule-
heating cylindrical furnace which allows axial visualization (Data Physics HTFC 1200), 
(iii) control units (Data Physics), (iv) halogen light source with a CCD camera for imaging 
acquisition, and (v) water cooling loops for the furnace body and two chamber sealing 
flanges. A schematic of the furnace system is presented in Figure C.3. 
A 99.999% nitrogen gas supply is kept at the volumetric gas flow rate of 472 cm3/min (1 
ft3/hr) for the purging and brazing processes. The two chamber sealing flanges separate the 
chamber atmosphere from the outside air while allowing (a) a 99.999% nitrogen gas flow 
in/out, and (b) feedings of K-type thermocouples. A sample is placed at the center of the 
chamber space (inner chamber dimensions are Ø 35 mm × 300 mm). Temperature 
measurement from the inserted thermocouples are registered using the control units. The 
halogen light source provides a homogeneous visible light flux toward the sample. In the 
opposite side of the sample, the contour (i.e. shade) can be registered using the CCD camera. 
 
                                                 












APPENDIX D: COMPUTATIONAL STUDY ON THE HOLE-IN-A-BRAZING-
SHEET PROBLEM* 
Experimental results indicate that the cylindrical hole may or may not be filled by molten 
brazing alloy. Axial symmetric equilibrium configurations of liquid and their stability are 
the primary goals of this computational study. We show under which conditions the surface 
intersects itself on its axis of symmetry (singular point) so that the hole is filled with the 
liquid metal. The total energy is minimized towards local minima using Surface Evolver 
[Brakke, 1992], and the energy comparison among different equilibrium configurations 
determines the configuration with global minimum energy. Surface evolver uses the 
gradient descent method, while liquid’s constraints (e.g. volume and motion in specific 
regions) can be implemented as well. 
Energy setup. We consider an axial symmetric configuration with a thin layer of liquid on 
top of the solid (black) substrate as shown in Figure D.1. The initial configuration is virtual 
in the sense that it is assumed that the thin layer is completely melted but it has not yet 
started to flow while the surface tension forces are frozen. The volume of the liquid is 𝑉 =
π(𝑅𝑜𝑢𝑡
2 − 𝑅𝑖𝑛
2 )𝑏, where b is the thickness of the thin layer, Rout is the outer radius of the 
hollow disk, Rin is the inner radius (radius of the hole), and H is disk’s height. The 
dimensionless analysis of Bond number, Equation (2-7), shows that the gravitational forces 
are negligible for small inner radiuses, while the line tension is negligible compared to 
surface tension forces because the liquid size of our interest is at the scale of millimeters 
                                                 
*  This is a collaborative effort with Mr. Konstantinos Lazaridis, School of Mechanical and Materials 
Engineering, Washington State University. 
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[Yuan and Lee, 2013]. Thus, the total energy is mainly determined by the interfacial areas 
between the three phases and the volumetric pressure, Equation (D-1). 
𝐸 = γ𝑙𝑔𝐴𝑙𝑔 + γ𝑙𝑠𝐴𝑙𝑠 + γ𝑠𝑔𝐴𝑠𝑔 + 𝑝𝑉                                                                    (D-1) 
γ𝑙𝑔, γ𝑙𝑠, and γsg are the constant liquid-gas, liquid-solid and solid-gas surface/interfacial 
tensions, respectively. 𝐴𝑙𝑔, 𝐴𝑙𝑠, and 𝐴𝑠𝑔 are the corresponding interface areas. The total 
energy is minimized under constant volume V and its corresponding Lagrange multiplier 
is pressure p. Under the absence of gravity, the pressure inside the liquid droplet is constant. 
Considering  𝐴𝑠 = 𝐴𝑠𝑙 + 𝐴𝑠𝑔 the energy is written in Equation (D-2). 
𝐸 = γ𝑙𝑔𝐴𝑙𝑔 + γ𝑙𝑠𝐴𝑠 + (γ𝑠𝑔 − 𝛾𝑠𝑙 )𝐴𝑠𝑔 + 𝑝𝑉 (D-2) 
We choose reference energy  𝐸0 = γ𝑙𝑠𝐴𝑠 and we minimize the energy in Equation (D-3). 
𝐸 − E0 = γ𝑙𝑔𝐴𝑙𝑔 + (𝛾𝑠𝑔 − 𝛾𝑠𝑙 )𝐴𝑠𝑔 + 𝑝𝑉 (D-3) 
The difference between the solid-gas and solid-liquid interface energy can be replaced by 
Young’s equation [Yuan and Lee, 2013], which states that the cosine of the equilibrium 
contact angle is equal to the difference of the solid-gas and solid-liquid interface energy 
over the liquid-gas interface energy, i.e. 𝑐𝑜𝑠 θ𝑒𝑞 = (γsg − γsl) γ𝑙𝑔⁄ .  The minimization of 
Equation (D-3) leads to the well-known Young-Laplace equation which relates the pressure 
jump along the interface with the mean curvature of the surface at each point. The 
classification (family) of axial symmetric surfaces with constant mean curvature has been 
determined by [Delaunay, 1841]. However, the close form of these surfaces is not 




Figure D.1 Initial configuration for surface evolver 
Surface Evolver model. In this work, we use a 2-dimensional string model to simulate the 
cross-sectional profile of liquid under volume constraint, using Surface Evolver [Brakke, 
1992]. Energy in Equation (D-3) and parameters are defined in a data file as an input. The 
edge-scalar-integral method is used to calculate the liquid-gas interface energy, Equation 
(D-4), where “𝑠” is the arc length of the curve. The difference of solid-gas and solid-liquid 
interfacial tensions is replaced by the Young’s equation, while the vertex-scalar-integral is 
used to calculate the solid-gas interface area. 
𝛾𝑙𝑔𝐴𝑙𝑔 = 2𝜋𝛾𝑙𝑔 ∫𝑟𝑑𝑠
𝑠
 (D-4) 
The solid-gas surface area is adjusted according to the configurations described below. 
Stokes’ Theorem is used on liquid’s volume (for axisymmetric surfaces), see Equation 
(D-5). Equation (D-5) can then be transformed into a line integral, see Equation (D-6). 
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Edge-vector-integral is used for its calculation, while vertex-scalar-integral is used when 
liquid wets the inner part of solid as well.  
𝑉 = 2π∫∫rdrdz (D-5) 
𝑉 = π∫r2dz (D-6) 
Computational results. Initially, liquid is placed on top of solid and the triple line points 
(points where liquid-gas-solid meet) are free to wet only the top of the solid substrate. 
Experimental results show a very small equilibrium contact angle (around 1°), such that 
the liquid wets the whole top solid substrate. Since the liquid’s volume is limited and much 
less than the amount required to overcome an ideal 90° edge in order to permit the liquid 
to reach inside the hole (Figure 3.14), the triple line is pinned at the corner of the solid 
substrate as shown on Figure D.2(i). However, in reality, edges of the hole are not ideally 
sharp and therefore the liquid can seep through the edge and reach to the hole.  
In case when the hole is not filled, there are three possible open-hole configurations 
(variations of liquid locations) and one close-hole configuration, shown in Figure D.2: (i) 
all liquid remains on top of the core layer; (ii) part of liquid on top and part of liquid in the 
inner part of the core layer; (iii) part of liquid on top, part of liquid in the inner part, and 
part of liquid on the bottom of the core layer; (iv) the hole is filled. Parameters for the four 
equilibrium configurations in Figure D.2 are: hole radius (Rin) is 0.25 mm, sample radius 
(Rout) is 1.985 mm, clad thickness (b) is 0.025 mm, core height (H) is 0.285 mm, molten 
clad surface tension in nitrogen (γlg) is 0.85 μJ/mm
2, total liquid volume (VL) is 0.30455 
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mm3, and equilibrium contact angle (θeq) is 1°. The computation is programmed to stop 
when the energy difference between two iterations (towards minima) is less than 10-9 μJ. 
 
Figure D.2 Equilibrium configurations of four scenarios: (i) non-filled hole with the liquid 
on top of the core layer, (ii) non-filled hole with the liquid on top and inside the hole of the 
core layer, (iii) non-filled hole with the liquid on top, inside the hole, and bottom of the 
core layer, and (iv) filled hole. Parameters: Rin = 0.25 mm, Rout = 1.985 mm, b = 0.025 mm, 
H = 0.285 mm, γlg = 0.85 μJ/mm




When simulation reaches the required accuracy, the stability of each configuration is 
checked. The stability theory [Brakke, 1992] can be summarized as follows. The energy of 
the equilibrium surface plus a small perturbation, it is expanded in Taylor series. The real 
square matrix of second derivatives of energy (Hessian) is diagonalizable. When the 
eigenvalues of the Hessian matrix are positive (or negative) then the equilibrium 
configuration is stable (or unstable). The Rayleigh-Ritz algorithm gives the eigenvalues of 
each configuration through the command 𝑟𝑖𝑡𝑧(𝑐, 𝑛), where c is probe value and n is the 
desired number of eigenvalues. For example, the command 𝑟𝑖𝑡𝑧(0,100) will give 100 
eigenvalues less, equal and greater than zero. In our simulations we require all eigenvalues 
(the number depends on mesh points) to be greater than zero. 
Figure D.3 shows the energies of four stable equilibrium configurations, as discussed above 
versus the inner hole’s radius. The parameters are: Rout = 1.985 mm, b = 0.025 mm, H = 
0.285 mm, γlg  = 0.85 μJ/mm
2, liquid’s volume is π(𝑅𝑜𝑢𝑡
2 − 𝑅𝑖𝑛
2 )𝑏  mm3 and θeq  = 1
o. 
Firstly, from the equilibrium energies in Figure D.3, energies of the configuration (iii) are 
always lower than the energies of configurations (i) and (ii). Thus, to determine whether 
the hole fills or not, we compare the energies between configurations (iii) and (iv). 
Secondly, configurations (ii) and (iii) do not exist for the hole radius smaller than Rcr. 
Computationally, this is manifested during equilibrium iterations as the inside liquid 
meniscus touching the axes of rotational symmetry. Moreover, there is a crossover (iii)‐(iv) 
at R*. Therefore, there are three regimes depending on the hole radius Rin:  
I. When Rin < Rcr, the hole is filled;  
163 
 
II. When Rcr < Rin < R*, the hole may be filled, if configuration (iii) is subjected to 
sufficiently large perturbation;  
III. When R* < Rin, the hole is never filled. 
 
Figure D.3 Energy comparison among four possible equilibrium configurations 
Similarly, the energy behavior in Figure D.3 is also observed for different hole depths. 
Figure 4.6 presents the simulated results (marked by SE, blue dashed lines), together with 
the empirical data. The equilibrium model predicts test outcomes (filled, may be filled, or 
non-filled) with respect to the prescribed hole configurations. There is an excellent 
agreement between experimental and computational results. 
We notice that the equilibrium shapes, resulted from Surface Evolver, have similar 
characteristics with minimal surfaces. The reason behind that coincidence is the fact that 
the equilibrium surfaces, as shown in Figure D.3 configurations (ii) and (iii), do not only 
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have constant mean curvature but more specifically, they have mean curvature close to 
zero. This means the pressure difference inside and outside the fluid is negligible, as shown 
in Figure D.4 (computed pressure of the liquid at equilibrium at z = 0, using Surface 
Evolver). We conclude that the volumetric pressure has negligible contribution to the total 
energy and thus the flow is purely driven by surface tension leading to the conclusion that 
the pressure difference is negligible. 
 






APPENDIX E: TEMPERATURE DEVIATION ANALYSIS 
In this appendix, temperature difference between the sample surface and the measured data 
is evaluated for (i) N2/sapphire (Section E.1), (ii) sapphire/sapphire (Section E.2), and (iii) 
N2/N2 (Section E.3) interface setups of the TS1500 Hotstage. Results are summarized in 
Table E.4, Section E.4. 
E.1 Sample temperature estimation for the N2/Sapphire test setup 
As shown in Figure E.1, the difference between temperature measurement at the heating 
element and the top surface of the aluminum sample is estimated using a 1-D thermal 
resistance analysis. The measured temperature by the ceramic heating element is assumed 
to be the same as its surface temperature, which is constant during brazing, e.g., 600 °C 
(𝑇𝑏). A sapphire substrate is on top of the ceramic heating element which results in contact 
resistance between the ceramic heating element and sapphire (𝑅𝑐1 ), and the thermal 
conductive resistance of sapphire (𝑅𝑠𝑎𝑝). An aluminum sample is placed on top of the 
sapphire and thus has a contact resistance between sapphire and aluminum (𝑅𝑐2), and the 
thermal conductive resistance of aluminum (𝑅𝐴𝑙). On top of the aluminum sample surface, 
both convective ( 𝑅𝑐𝑜𝑛𝑣 ) and radiative ( 𝑅𝑟𝑎𝑑 ) resistances are present as well. The 
surrounding temperature is considered to be the same as the room temperature at 20 °C 
(𝑇𝑠𝑢𝑟 ) because of continuous coolant circulation in the stage body. The total thermal 
resistance can now be estimated by Equation (E-1) with physical quantities summarized in 
Table E.1.  
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Figure E.1 Thermal resistance estimation for the N2/sapphire test setup 
 
Table E.1 Data summary for Equation (E-1), N2/sapphire test setup 




ceramic and sapphire 
3.33 × 10−4 
(𝑚2 ∙ 𝐾/𝑊) 
An estimation for 
ceramic/ceramic 
contact, assuming both 




𝑅𝑠𝑎𝑝 = 𝑡𝑠𝑎𝑝/𝑘𝑠𝑎𝑝 
Conductive resistance of 
sapphire 
2.4 × 10−5 
(𝑚2 ∙ 𝐾/𝑊) 
𝑡𝑠𝑎𝑝 = 0.29 
(𝑚𝑚) 
Thickness of sapphire 
Measured by 
Mitutoyo IP65 
caliper (± 0.02 
mm) 
𝑘𝑠𝑎𝑝 = 12.09 
(𝑊/𝑚 ∙ 𝐾) 
Thermal conductivity 
of sapphire at 873K 





sapphire and aluminum 
1.18 × 10−4 
(𝑚2 ∙ 𝐾/𝑊) 
An estimation for 
ceramic/metal contact, 
assuming both surfaces 





𝑅𝐴𝑙 = 𝑡𝐴𝑙/𝑘𝐴𝑙 
Conductive resistance of 
aluminum 
2.56 × 10−6 
(𝑚2 ∙ 𝐾/𝑊) 
𝑡𝐴𝑙 = 0.49 
(𝑚𝑚) 
Thickness of an 




caliper (± 0.02 
mm) 
𝑘𝐴𝑙 = 189.53 
(𝑊/𝑚 ∙ 𝐾) 
Thermal conductivity 
of aluminum at 873K 












Convective resistance of 
nitrogen gas 
1.36 × 10−1 
(𝑚2 ∙ 𝐾/𝑊) 
𝑘𝑁2 = 0.0254 
(W/m ∙ 𝐾) 
Thermal conductivity 
of nitrogen gas at 293K 
[Bergman et al., 
2011] 
Pr = 0.718 
Prandtl number at 
293K 
[Bergman et al., 
2011] 
ρ = 1.155 
(kg/𝑚3) 
Density of nitrogen gas 
at 293K 
[Bergman et al., 
2011] 
𝐿 = 4  
(mm) 





(± 0.02 mm) 
μ = 1.75 × 10−5 
(N ∙ 𝑠/𝑚2) 
Viscosity of nitrogen 
gas at 293K 
[Bergman et al., 
2011] 
?̇? = 471.95 
(𝑐𝑚3/𝑚𝑖𝑛) 






𝐴𝑐 = 64 × 8.5 
(𝑚𝑚2) 
Cross-area near the 
sample, normal to the 









= 14.46  
(𝑚𝑚/𝑠) 























ϵ = 0.19 
Thermal emissivity 
using reference data of 




σ = 5.67 × 10−8 
(W/𝑚2 ∙ 𝐾4) 
Stefan-Boltzmann 
constant 
[Bergman et al., 
2011] 
𝑇𝑠𝑢𝑟 = 293𝐾 
Temperature of the 
chamber inner walls 






Temperature of the 
aluminum sample 
surface 
(To be solved) 
The heat transfer rate (q) can be evaluated between the heating element temperature (𝑇𝑏) 
and the surrounding temperature (𝑇𝑠𝑢𝑟) with the total thermal resistance (𝑅𝑡𝑜𝑡𝑎𝑙), Equation 
(E-2). Equation (E-3) can now be solved for 𝑇𝐴𝑙, which is the surface temperature of the 
aluminum sample. 
𝑞 = (𝑇𝑏 − 𝑇𝑠𝑢𝑟)/𝑅𝑡𝑜𝑡𝑎𝑙 (E-2) 
𝑇𝐴𝑙 = 𝑇𝑏 − 𝑞(𝑅𝑐1 + 𝑅𝑠𝑎𝑝 + 𝑅𝑐2 + 𝑅𝐴𝑙) (E-3) 
The result gives 𝑇𝐴𝑙 = 868.1 𝐾  or 595.1 °C. The temperature deviation between the 
measured and estimated values is 5 °C. 
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E.2 Sample temperature estimation for the Sapphire/Sapphire test setup 
An additional sapphire component is added between the N2 gas and the aluminum sample. 
The total thermal resistance estimation is as follows. 










Figure E.2 Thermal resistance estimation for the sapphire/sapphire test setup 
 
Table E.2 Data summary for Equation (E-4), sapphire/sapphire test setup 




ceramic and sapphire 
3.33 × 10−4 
(𝑚2 ∙ 𝐾/𝑊) 
An estimation for 
ceramic/ceramic 
contact, assuming both 






𝑅𝑠𝑎𝑝 = 𝑡𝑠𝑎𝑝/𝑘𝑠𝑎𝑝 
Conductive resistance of 
sapphire 
2.4 × 10−5 
(𝑚2 ∙ 𝐾/𝑊) 
𝑡𝑠𝑎𝑝 = 0.29 
(𝑚𝑚) 
Thickness of sapphire 
Measured by 
Mitutoyo IP65 
caliper (± 0.02 
mm) 
𝑘𝑠𝑎𝑝 = 12.09 
(𝑊/𝑚 ∙ 𝐾) 
Thermal conductivity 
of sapphire at 873K 





sapphire and aluminum 
1.18 × 10−4 
(𝑚2 ∙ 𝐾/𝑊) 
An estimation for 
ceramic/metal contact, 
assuming both surfaces 
are flat and smooth 
[Yovanovich, 
2019] 
𝑅𝐴𝑙 = 𝑡𝐴𝑙/𝑘𝐴𝑙 
Conductive resistance of 
aluminum 
2.56 × 10−6 
(𝑚2 ∙ 𝐾/𝑊) 
𝑡𝐴𝑙 = 0.49 
(𝑚𝑚) 
Thickness of aluminum 




caliper (± 0.02 
mm) 
𝑘𝐴𝑙 = 189.53 
(𝑊/𝑚 ∙ 𝐾) 
Thermal conductivity 
of aluminum at 873K 





sapphire and aluminum 
1.18 × 10−4 
(𝑚2 ∙ 𝐾/𝑊) 











Convective resistance of 
nitrogen gas 
1.36 × 10−1 
(𝑚2 ∙ 𝐾/𝑊) 
𝑘𝑁2 = 0.0254 
(W/m ∙ 𝐾) 
Thermal conductivity 
of nitrogen gas at 293K 
[Bergman et al., 
2011] 
Pr = 0.718 
Prandtl number at 
293K 
[Bergman et al., 
2011] 
ρ = 1.155 
(kg/𝑚3) 
Density of nitrogen gas 
at 293K 
[Bergman et al., 
2011] 
𝐿 = 4  
(mm) 





(± 0.02 mm) 
μ = 1.75 × 10−5 
(N ∙ 𝑠/𝑚2) 
Viscosity of nitrogen 
gas at 293K 




?̇? = 471.95 
(𝑐𝑚3/𝑚𝑖𝑛) 






𝐴𝑐 = 64 × 8.5 
(𝑚𝑚2) 
Cross-area near the 
sample, normal to the 

































ϵ = 0.59 
Thermal emissivity 
using reference data of 
alumina (Al2O3) at 
873K 




σ = 5.67 × 10−8 
(W/𝑚2 ∙ 𝐾4) 
Stefan-Boltzmann 
constant 
[Bergman et al., 
2011] 
𝑇𝑠𝑢𝑟 = 293𝐾 
Temperature of the 
chamber inner walls 






Temperature of the 
aluminum sample 
surface 
(To be solved) 
Use Equation (E-2), Equation (E-3), and Equation (E-4) to solve for the surface 
temperature of the aluminum sample (𝑇𝐴𝑙). The result gives 𝑇𝐴𝑙 = 862.3 𝐾 or 589.3 °C. 
The temperature deviation between the measurement and the estimated value is 11 °C. 
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E.3 Sample temperature estimation for the N2/N2 test setup 
The surface areas of the two supporting sapphire pieces and the open region of the bottom 
sample surface have been estimated 12% and 88%, respectively, of the whole area. 
Evaluating the N2 gas between bottom surface of aluminum and the sapphire substrate by 
conductive resistance (𝑅𝑁2 ), and parallel to the conduction through sapphire supports 
involving two contact resistances, the total thermal resistance can be estimated using 
Equation (E-5). 
𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑐1 + 𝑅𝑠𝑎𝑝 + (
1






















Table E.3 Data summary for Equation (E-5), N2/N2 test setup 




ceramic and sapphire 
3.33 × 10−4 
(𝑚2 ∙ 𝐾/𝑊) 
An estimation for 
ceramic/ceramic 
contact, assuming both 




𝑅𝑠𝑎𝑝 = 𝑡𝑠𝑎𝑝/𝑘𝑠𝑎𝑝 
Conductive resistance of 
sapphire 
2.4 × 10−5 
(𝑚2 ∙ 𝐾/𝑊) 
𝑡𝑠𝑎𝑝 = 0.29 
(𝑚𝑚) 
Thickness of sapphire 
Measured by 
Mitutoyo IP65 
caliper (± 0.02 
mm) 
𝑘𝑠𝑎𝑝 = 12.09 
(𝑊/𝑚 ∙ 𝐾) 
Thermal conductivity 
of sapphire at 873K 
[Bergman et al., 
2011] 
𝑅𝑐2 = 𝑅𝑐1 × 12% 
Thermal contact 
resistance between 
sapphire and sapphire 
4 × 10−5 
(𝑚2 ∙ 𝐾/𝑊) 
12% of the surface area 
normal to the direction 
of heat flux 
- 
𝑅𝑠𝑎𝑝 × 12% 
Conductive resistance of 
sapphire 
2 × 10−4 
(𝑚2 ∙ 𝐾/𝑊) 
12% of the surface area 
normal to the direction 
of heat flux 
- 
𝑅𝑐3 × 12% 
Thermal contact 
resistance between 
sapphire and aluminum 
1.41 × 10−5 
(𝑚2 ∙ 𝐾/𝑊) 
12% of the surface area 
normal to the direction 
of heat flux, using an 
estimation of thermal 
contact resistance for 
ceramic/metal, 
assuming both surfaces 
are flat and smooth 
[Yovanovich, 
2019] 
𝑅𝑁2 = (𝑡𝑁2/𝑘𝑁2) × 88% 
Conductive resistance of 
nitrogen gas* 
1.3 × 10−2 
(𝑚2 ∙ 𝐾/𝑊) 
𝑡𝑁2 = 0.29 
(mm) 
Thickness of the gap 
for N2 between 




caliper (± 0.02 
mm) 
                                                 
* Considering the gas in this narrow region is governed by conduction due to very small Rayleigh number Ra 
= 2 × 10-3 (estimated using the volume expansion coefficient = 1.15 × 10-3 1/K, temperature difference = 
100 K, characteristic length = 2.9 × 10-4 m, kinematic viscosity = 9.5 × 10-5 m2/s, and Prandtl number = 
0.719). It is significantly smaller than the critical Rayleigh number (Rac = 1708) [Cengel et al., 2016]. 
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𝑘𝑁2 = 0.0254 
(W/m ∙ 𝐾) 
Thermal conductivity 
of nitrogen gas at 293K 
[Bergman et al., 
2011] 
𝑅𝐴𝑙 = 𝑡𝐴𝑙/𝑘𝐴𝑙 
Conductive resistance of 
aluminum 
2.56 × 10−6 
(𝑚2 ∙ 𝐾/𝑊) 
𝑡𝐴𝑙 = 0.49 
(𝑚𝑚) 
Thickness of aluminum 




caliper (± 0.02 
mm) 
𝑘𝐴𝑙 = 189.53 
(𝑊/𝑚 ∙ 𝐾) 
Thermal conductivity 
of aluminum at 873K 












Convective resistance of 
nitrogen gas 
1.36 × 10−1 
(𝑚2 ∙ 𝐾/𝑊) 
𝑘𝑁2 = 0.0254 
(W/m ∙ 𝐾) 
Thermal conductivity 
of nitrogen gas at 293K 
[Bergman et al., 
2011] 
Pr = 0.718 
Prandtl number at 
293K 
[Bergman et al., 
2011] 
ρ = 1.155 
(kg/𝑚3) 
Density of nitrogen gas 
at 293K 
[Bergman et al., 
2011] 
𝐿 = 4  
(mm) 





(± 0.02 mm) 
μ = 1.75 × 10−5 
(N ∙ 𝑠/𝑚2) 
Viscosity of nitrogen 
gas at 293K 
[Bergman et al., 
2011] 
?̇? = 471.95 
(𝑐𝑚3/𝑚𝑖𝑛) 






𝐴𝑐 = 64 × 8.5 
(𝑚𝑚2) 
Cross-area near the 
sample, normal to the 


































ϵ = 0.19 
Thermal emissivity 
using reference data of 




σ = 5.67 × 10−8 
(W/𝑚2 ∙ 𝐾4) 
Stefan-Boltzmann 
constant 
[Bergman et al., 
2011] 
𝑇𝑠𝑢𝑟 = 293𝐾 
Temperature of the 
chamber inner walls 






Temperature of the 
aluminum sample 
surface 
(To be solved) 
Use Equation (E-2), Equation (E-5), and Equation (E-6) to solve for the surface 
temperature of the aluminum sample (𝑇𝐴𝑙). 
𝑇𝐴𝑙 = 𝑇𝑏 − 𝑞 [𝑅𝑐1 + 𝑅𝑠𝑎𝑝 + (
1






+ 𝑅𝐴𝑙] (E-6) 
The result gives 𝑇𝐴𝑙 = 866.8 𝐾  or 593.8 °C. The temperature deviation of this case 




Differential scanning calorimetry studies on an Al-10wt.%Si material (in the AA4045 
alloys class*) have showed that the braze melts in the range of 575-588 °C [Shutov et al., 
2020]. The estimated temperature deviation in Table E.4 indicates that the peak 
temperature setting at 600 °C is sufficient to melt Al-10wt.%Si clads. The Al-7.5wt.%Si 
clads (in the category of AA4343 alloys) are expected to have partial melting at tested peak 
brazing temperature due to higher liquidus temperature, as expected and discussed in 
Appendix B. 





Melting range of the 
Al-10wt.%Si alloy 
with the deviation 
Melting range of the 
Al-7.5wt.%Si alloy 
with the deviation 
N2 / sapphire 5 °C 580-586 °C 580-620 °C 
sapphire / sapphire 11 °C 593-599 °C 586-626 °C 
N2 / N2 6 °C 581-594 °C 581-621 °C 
a Melting range of the 10 wt.% Si alloy: 575-588 °C [Shutov et al., 2020] 




                                                 
* An AA4045 includes 9-11 wt.%Si in Al, which melts between 575-600 °C [ASM International, 1990]. 
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APPENDIX F: CHEMICAL COMPOSITION AND MELTING RANGE OF 
SELECTED ALLOYS AND FLUXES 
Table F.1 Chemical composition of selected aluminum alloy (a) 
 Composition (weight percent) 
Material Si Fe Cu Mn Mg Cr Zn V Ti Zr Other Al 







0.1 0.25 - 0.15 - 0.15 Bal. 






































0.25 - 0.15 - 0.15 Bal. 
a
 [ASM International, 1990] 
Table F.2 Chemical composition of Zn-22Al (a) 
 Composition (weight percent) 
Material Al Cu Mg Pb Fe Cd Sn Zn 
Zn-22Al 21-23 0.4-0.6 0.008-0.012 ≤ 0.01 ≤ 0.002 ≤ 0.01 ≤ 0.001 Bal. 
a
 [ASM International, 1990] 
Table F.3 Melting range of selected alloys 
 Solidus Liquidus 
Material °C °F °C °F 
2024 (a) 500 935 638 1180 
2219 (a) 543 1010 643 1190 
3003 (a) 643 1190 655 1210 
4343 (a) 577 1070 613 1135 
Al-7.5wt.Si (b) 575 1067 615 1139 
4045 (a) 575 1065 600 1110 
Al-10wt.Si (c) 577 1071 591 1096 
6061 (a) 580 1080 650 1205 
Zn-22Al (d) 441 826 485 905 
a
 [ASM International, 1990] 
b [Roberts, 2004]  
c [Prasad and Wanhill, 2017b] 
d Adopted from [Allen, 2009]. An Al-Zn phase diagram is available in [Murray, 1983]. 
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Table F.4 Chemical composition and melting range of selected fluxes 
 Composition (percentage) Melting 
range Material K Cs Al F Fe Ca LOH 
K1-3AlF4-6 
(a) 28-31 - 16-18 49-53 ≤ 0.03 ≤ 0.1 ≤ 2.5 
565-572 °C /  
1049-1062 °F 
CsAlF4 
(b) - 53-56 10-12 30-33 - - ≤ 2 
420-480 °C /  
788-896 °F 
a
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